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Abstract. Cerebellar ataxias are a group of rare progressive neurodegenerative disorders with an average prevalence ranges from
4.8 to 13.8 in 100,000 individuals. The inherited disorders affect multiple members of the families, or a community that is endogamous
or consanguineous. Presence of more than 3000 mutations in different genes with overlapping clinical symptoms, genetic anticipation
and pleiotropy, as well as incomplete penetrance and variable expressivity due to modifiers pose challenges in genotype–phenotype
correlation. Development of a diagnostic algorithm could reduce the time as well as cost in clinicogenetic diagnostics and also help in
reducing the economic and social burden of the disease. In a unique research collaboration spanning over 20 years, we have been able
to develop a paradigm for studying cerebellar ataxias in the Indian population which would also be relevant in other rare diseases.
This has involved clinical and genetic analysis of thousands of families from diverse Indian populations. The extensive resource on
ataxia has led to the development of a clinicogenetic algorithm for cost-effective screening of ataxia and a unique ataxia clinic in the
tertiary referral centre in All India Institute of Medical Sciences. Utilizing a population polymorphism scanning approach, we have
been able to dissect the mechanisms of repeat instability and expansion in many ataxias, and also identify founders, and trace the
mutational histories in the Indian population. This provides information for genetic testing of at—risk as well as protected individuals
and populations. To dissect uncharacterized cases which comprises more than 50% of the cases, we have explored the potential of
next-generation sequencing technologies coupled with the extensive resource of baseline data generated in-house and other public
domains. We have also developed a repository of patient-derived peripheral blood mononuclear cells, lymphoblastoid cell lines and
neuronal lineages (derived from iPSCs) for ascribing functionality to novel genes/mutations. Through integrating these technologies,
novel genes have been identified that has broadened the diagnostic panel, increased the diagnostic yield to over 75%, helped in
ascribing pathogenicity to novel mutations and enabled understanding of disease mechanisms. It has also provided a platform for
testing novel molecules for amelioration of pathophysiological phenotypes. This review through a perspective on CAs suggests a
generic paradigm from diagnostics to therapeutic interventions for rare disorders in the context of heterogeneous Indian populations.
Keywords. cerebellar ataxias; spinocerebellar ataxia; autosomal recessive cerebellar ataxia; next-generation sequencing;
gene network; induced pluripotent stem cells, neurodegeneration; Indian population.

Introduction
The combined prevalence of rare diseases accounts for 6–
8% in a population (Dharssi et al. 2017). The impact of
rare diseases is substantial as they are extremely debilitating and the diagnostic odyssey of a person afflicted
with a rare disease averages 6–7 years. Due to paucity of
cases, many clinicians might not encounter these diseases
Renu Kumari and Deepak Kumar contributed equally to this work.

in their lifetime practice and there is often an insufficient
knowledge to diagnose or treat the disease. The lifelong
prevalence of most of these rare diseases pose a substantial economic burden measured through indices of quality
added life years and disability added life years (Sassi 2006).
As a large fraction of the rare diseases have a genetic component, more the delay in diagnosis or interventions, more
substantial is the impact. The rarity of the diseases does
not provide enough incentive for the pharmaceutical companies to invest in drug development and sometimes there
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might be insufficient numbers to participate in clinical
trials. Thus, there are limited treatment and therapeutic
options. However, for the affected families or an endogamous population that is afflicted with a rare disease,
identification of risk as well as protective variants open up
enormous possibilities for interventions in prevention and
management of diseases. The human genome sequencing
project and advancements in next-generation sequencing
(NGS) technologies have accelerated the pace of discovery
of genes/mutations linked to rare diseases (Koboldt et al.
2013). Besides, the advent of stem cell technologies has
opened up novel avenues for translation of these discoveries for identification of novel targets, drug repurposing
and genome editing.
There are a number of unmet challenges at the clinical, laboratory and community levels which need to be
addressed for developing comprehensive and affordable
solutions for rare diseases. Genotype–phenotype correlation for ascribing causality to a variant still remains the
most difficult challenge. A need has been felt for ‘disease
deconvolution’ i.e., move out from syndrome definitions to
a vocabulary of phenotypic abnormalities. In many rare
Mendelian diseases, even for one syndrome, there is an
extensive clinical and genetic heterogeneity which poses
a dilemma for the clinicians and biologists in defining
the phenotypic subgroups that require different treatment
modalities and also reduces the diagnostic yield. We provide an Indian perspective of how many of these challenges
can be circumvented based on our experiences in a cohort
comprising of a group of rare neurodegenerative disorders, the cerebellar ataxias (CAs). The insights are from
a 20-year collaborative study that has been undertaken
by Institute of Genomics and Integrative Biology (IGIB),
primarily in collaboration with two tertiary referral centres, All India Institute of Medical Sciences (AIIMS) and
National Institute of Mental Health and Neuro Sciences
(NIMHANS).

CAs: diagnostic challenges
Clinically ‘ataxia’ denotes the out of order of voluntary
movements, i.e. imbalance and incoordination in walking, writing, eye movements and speech. CAs are one of
the rare forms of clinically and genetically heterogeneous
neurodegenerative disorders. CAs, either as a predominant feature or as an associated sign with other primary
neurological events have been associated with more than
300 neurological disorders (Fogel et al. 2014). Irreversible
Purkinje cell damage or any dysfunction in cerebellum,
and its efferent and afferent connections lead to motor
function impairments. In case of CAs, about 120 clinical
features including pure cerebellar features like gait, tremor,
nystagmus, dysarthria, dysphagia and other neurological
symptoms including seizures, mental retardation, delayed
motor development, cognitive impairment, hearing loss,

spasticity have been frequently reported. Other nonneurological features such as cardiomyopathy, fatigue,
hypoalbuminaemia, and hypercholesterolaemia are also
found to be associated with various CA subtypes (Rossi
et al. 2014). Aetiologically, CAs can be hereditary, acquired
or idiopathic. Till date, more than 200 genes and ∼3000
pathogenic mutations have been reported as causative
genetic aberrations (Stenson et al. 2003; Amberger et al.
2015; Landrum et al. 2016). However, globally more than
40–60% cases of CAs are yet to be genetically characterized
(Schöls et al. 2004; Ruano et al. 2014).

Clinical and genetic heterogeneity in hereditary CAs
Classification of CAs

Based on their mode of inheritance, hereditary CAs are
classified into autosomal dominant, autosomal recessive,
X-linked and mitochondrial. A group of dominantly inherited ataxia is commonly known as spinocerebellar ataxias
(SCAs). Their underlying causative mutation may vary
from dynamic tandem nucleotide repeat motifs expansion
to conventional mutation (like- point mutation, insertion
or deletion) in any of the coding, noncoding or intergenic
region in different subtypes. At present, there are 46 genetic
SCAs, eight episodic ataxia, dentatorubral-pallidoluysian
atrophy (DRPLA) and ataxia with other symptoms that
have been reported in autosomal dominant mode (table 1).
Recently 26 subtypes of spinocerebellar ataxia autosomal recessives (SCARs) have been classified. Fragile X
syndrome (FXTAS), sideroblastic anaemia and spinocerebellar ataxia (XLSA/A) are examples of subtypes inherited
in X-linked manner. Mitochondrial inheritance is seen in
neuropathy ataxia retinitis pigmentosa (NARP) due to
mutations in mtDNA (figure 1a) (http://neuromuscular.
wustl.edu/ataxia/aindex.html). Some acquired conditions
can also produce ataxic symptoms like toxins, drugs, infection, immune or a systemic condition which need to be
rectified during diagnosis (Sailer and Houlden 2012).
Prevalence and population heterogeneity

Worldwide prevalence rate of CAs has been estimated to
be 4.8–13.8 per 100,000 individuals whereas prevalence of
autosomal dominant CA (ADCA) and autosomal recessive CA (ARCA) are 1.5–4.0 per 100,000 and 1.8–4.9 per
100,000, respectively (Ruano et al. 2014). Epidemiological
studies in children have estimated the prevalence of 26 per
100,000 (Musselman et al. 2014). The actual prevalence of
a variety of CAs in different geographical cohorts or even
in Indian scenario has remained largely undetermined due
to paucity of their clinicogenetic details in the clinical practice of outpatient set up. Variations in prevalence across
countries and geographical regions are reported which signifies ancestry and regional founder effects (Klockgether
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Table 1. List of CAs that are genetically characterized.

CAs

Chromosome

CAs associated with dynamic repeats expansion
SCA1
6p22
SCA2
12q24
SCA3
14q32
SCA6
19p13
SCA7
3p21
SCA8
13q21
SCA10
22q13
SCA12
5q31
SCA 17
6q27
SCA31
16q22
SCA36
SCA37
DRPLA
FRDA
FXTAS

20p13
1p32
12p13
9q21
Xq27

CAs

Chromosome

CAs associated with conventional mutations
SCA5 SCAR14
11q13
SCA 11
15q14
SCA13
19q13.33
SCA14
19q13.42
SCA15, SCA16, SCA29
3p26
SCA27
13q33
SCA19
1p13
SCA21
1p36
SCA22
1p13
SCA23
20p13
SCA26
19p13
SCA27
13q33
SCA28
18p11
SCA34
6q14
SCA35
20p13
SCA38
6p12
SCA40
14q32
SCA41
4q27
SCA42
17q21
SCA43
3q25
SCA44, SCAR13
6q24
SCA45
5q32
SCA46
19q13
EA1
12q13
EA2
19p13
EA5
2q22
EA6
5p13
EA8
1p36
SCAR1
9q34
SCAR2
9q34
SCAR5
15q23
SCAR7
11p15
SCAR8
6q25
SCAR9
1q42
SCAR10
3p22
SCAR11
1q32
SCAR12
16q23
SCAR15
3q29

Gene

Mutation

Normal

Expanded

ATXN1
ATXN2
ATXN3
CACNA1A
ATXN7
KLHLIAS
ATXN10
PPP2R2B
TBP
BEAN

(CAG)n
(CAG)n
(CAG)n
(CAG)n
(CAG)n
(CTG)n
(ATTCT)n
(CAG)n
(CAG)n
(TGGAA)n

6−39
14−31
12−42
4−18
4−27
16−91
10−21
7−32
25−44
−

NOP56
DAB1
ATN1
FXN
FMR1

(GGCCTG)n
(ATTTC)n
(CAG)n
(GAA)n
(CGG)n

3−14
−
6−36
6−33
5−40

40−82
33−64
54−86
19−30
37−200
107−127
800−4500
55−78
47−63
2.5- to
3.8-kb
650−2500
31−75
49−79
66−1700
55−200

Mutation

Mode of inheritance

D/MM
PM
MM
MM
PM
MM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM

AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD, AR
AD
AD
AD
AD
AD
AD
AD
AD, AR
AR
AR
AR
AR
AR
AR
AR
AR
AR

Gene
SPTBN2
TTBK2
KCNC3
PRKCG
ITPR1
FGF14
KCND3
TMEM240
KCND3
PDYN
EEF2
FGF14
AFG3L2
ELOVL4
TGM6
ELOVL5
CCDC88C
TRPC3
CACNA1G
MME
GRM1
FAT2
PLD3
KCNA1
CACNA-1A
CACNB4
SLCIA3
UBR4
SETX
PMPCA
WDR73
TPP1
SYNE1
ADCK3
ANO10
SYT14
WWOX
KIAA0226

Mode of
inheritance

AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AR
X-linked
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Table 1 (contd)
CAs

Chromosome

Gene

16p13
10q24
4q22
1p36
6q14
11q13
2q11
6p22
3q22
6q21
19q13

STUB1
CWF19L1
GRID2
SLC9A1
SNX14
SCYL1
VWA3B
TDP2
UBA5
ATG5
XRCC1

SCAR16
SCAR17
SCAR18
SCAR19
SCAR20
SCAR21
SCAR22
SCAR23
SCAR24
SCAR25
SCAR26

Mutation

Mode of inheritance AD

PM
PM
PM
PM
PM
PM
PM
PM
PM
PM
PM

AR
AR
AR
AR
AR
AR
AR
AR
AR
AR
AR

−
−
−
−
−
−
−
−
−
−
−
−
−
−

AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AD
AR
AR
AR

CAs associated with mapped genetic loci
SCA 4
SCA9
SCA18
SCA20
SCA24
SCA25
SCA30
SCA32
EA3
EA4
EA7
SCAR3
SCAR4
SCAR6

16q22
?
7q31
11q12, Duplication
1p36
2p15-p21
4q34
7q32
1q42
?
19q13
6p21
1p36
20q11

−
−
−
−
−
−
−
−
−
−
−
−
−
−

AD, autosomal dominant; AR, autosomal recessive; D, deletion, MM, missense mutation; PM, point mutation.

and Paulson 2011). Among ADCAs, the relative frequency
of SCAs caused by dynamic tandem repeat are higher than
SCAs caused by conventional mutation. SCA3 is the most
common subtype across globe followed by SCA2. In India,
regional variation in prevalence of SCAs also exist. North
Indian population show higher incidence of SCA2 and
SCA12 whereas SCA1 is reported to be higher in frequency
in southern India (Krishna et al. 2007; Faruq et al. 2009).
The prevalence of CA subtypes in different geographical
populations and ethnically diverse populations has been
provided in table 2. Interestingly SCA12 is mostly confined
to India (Srivastava et al. 2001; Bahl et al. 2005). SCA3 has
been most frequently reported in eastern parts of India.

Phenotypic heterogeneity

Overlapping and diverse clinical features among CA subtypes confound diagnosis and disease management. At
disease onset, distinct clinical symptoms as pure ‘cerebellar’ signs emerge, but as the disease progresses, other
neurological and non-neurological features can also manifest (Durr 2010; Beaudin et al. 2017) which complicates
diagnosis. The clinical representation of ARCAs is more
complex and their age at onset is earlier than ADCAs.
ARCAs exhibit diverse phenotypes like hearing loss,

pyramidal and extrapyramidal symptoms, neuropathy,
hypogonadism and many others (Beaudin et al. 2017).
FXTAS and mtDNA related CAs are also clinically heterogeneous and often manifest tremor and hearing loss,
respectively as differential clinical features (Sailer and
Houlden 2012). CAs also have overlapping clinical features, shared genetic aetiology with other neurological
disorders like hereditary spastic paraplegia (HSP), dystonia, familial amyotrophic lateral sclerosis (ALS), and
Parkinson’s disease (PD) (Scholz and Bras 2015; Zhang
et al. 2017; Synofzik and Schüle 2017; Nibbeling et al.
2017a). Besides, mutations in different regions of the same
gene result in different phenotypes. Due to this enormous
heterogeneity both at clinical and genetic levels, accurate
diagnosis demands extensive work. The age of disease
onset vary from infancy to later decade. Although in most
of the CAs, progression of disease vary from mild to severe
but in some cases nonprogressive forms of ataxia have also
been identified (Schöls et al. 2004).

Challenges in genotype–phenotype correlation
Nature of mutation

Genetic causes of most of the CAs have been identified using linkage mapping and recently through next-
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(a)

(b)

(c)

Figure 1. Genetic basis in cerebellar ataxias. (a) Classification of hereditary CAs. (b) Representation of location and nature of
mutation with respect to gene in CAs. (c) Pie chart showing number of mutation involved in CAs, collated from OMIM, HGMD
and ClinVar.

generation sequencing, but for some subtypes only genetic
loci have been mapped (table 1). The underlying causative
mutation may vary from dynamic tandem repeat expansion to conventional mutations (such as point mutation,
splice-site mutation, insertion or deletion) in any of the
coding, noncoding or intergenic regions in different subtypes (Devos et al. 2001; Finsterer 2009; Paulson 2009;
Durr 2010). Location and nature of mutations have varying effects on disease manifestation of CA subtypes
(figure 1, b&c). Functionally, coding repeat expansions
result in gain of function of the protein, and noncoding
expansions cause either a loss of function of the affected

protein or RNA gain of function effects. Since the majority of prevalent and known ataxic disorders are a result
of degenerative processes and share a common mutation
mechanism of dynamic repeat expansion, their identification is easy with the availability of genetic screening
methods.
During transmission of repeat associated loci to subsequent generations, the number of repeat increases which
leads to earlier onset and increasing severity of the
disease—a phenomenon termed as anticipation. In SCA7,
anticipation is more severe in children as earlier onset
patients die before the symptomatic parents. Within the
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Table 2. Prevalence of CAs across different geographical regions.
ADCA
SCA1
SCA2
SCA3
SCA6
SCA7
SCA8
SCA10
SCA12
DRPLA
ARCA
FRDA
ATM
AOA
ARSACS
AVE
X-linked
FXTAS

Serbia, South Africa
Cantabria (Spain), Padua (Italy), Cuba, southern Norway, Singapore, India, UK, USA, France
Brazil China, France, Germany, Japan, Netherlands, Norway, Portugal, Singapore, Spain, Taiwan, USA
Australia, Netherland, Japan
Finland, Sweden, USA, China
Finland
Mexico and Brazil
India, USA
Japan, Portugal, Cantabria
Caucasians
Norway, France, Iberia, Poland, Russia, Caucasians
Portugal and Alsace
French Canadians
North Africa
Israel, California, USA

same individual, instability in DNA sequences can vary
across different tissues, leading to somatic mosaicism.
Progressive increment in repeat length in somatic tissues
particularly in the brain regions have been reported in
many studies (Thornton et al. 1994; Hashida et al. 1997;
Pollard et al. 2004; Swami et al. 2009). Incomplete penetrance, mostly in repeat associated CAs (SCA8, SCA10
and SCA17), have also been reported where a person with
the pathogenic repeat length do not develop the disease
(Ikeda et al. 2004; Zühlke et al. 2005; Raskin et al. 2007).
The expansion of the CAG repeat length is also associated
with variability in disease manifestations among populations.
Modifiers and other interactions

Genetic pleiotropy where a single gene influences the
phenotype of unrelated traits is also exhibited by CAassociated genes. Mutation in ITPR1 gene can lead to
SCA15 (van de Leemput et al. 2007; Iwaki et al. 2008) and
SCA19 (Huang et al. 2012), mutations in SPTBN2 can
cause SCA5 (Ikeda et al. 2006) and SCAR14 (Lise et al.
2012; Elsayed et al. 2014) and mutation in GRM1 can cause
SCAR13 (Guergueltcheva et al. 2012) and SCA44 (Watson et al. 2017). Mutation in genes like SETX, C10orf2,
POLG, TPP1, SPTBN2 etc. at specific locus cause CAs
and may also produce different related neuronal or nonneuronal disorders. Mutation at certain loci in SETX
gene can also cause different neurological disorders like
amyotrophic lateral sclerosis, chorea and motor neuron
disease, and spinal muscular atrophy (Chen et al. 2004).
Affected patients with mutation in mitochondrial replication and maintenance gene like C10orf2, POLG can exhibit
phenotypes associated with neuronal and non-neuronal
disorders like progressive external ophthalmoplegia and
mitochondrial DNA depletion syndrome with hepatic

problem. Telomere-binding protein, TPP1 also has lysosomal exopeptidase function and apart from SCAR7, can
also cause neuronal ceroid lipofuscinosis (NCL) (Sun et al.
2013) and inherited bone marrow failure (Guo et al. 2014).
In many CAs, the inverse correlation of repeat length
with age at onset cannot be explained. This implicates the
involvement of other genetic factors. Age of onset in some
SCAs can also be affected by the repeat length of other
SCA genes. Regression analysis in 1255 SCA subjects show
influence of repeat length of ATXN2, ATN1 and HTT in
SCA3, ATXN3 and TBP in SCA7, ATXN1 and ATXN3
in SCA6 and ATXN7 in SCA2 (Tezenas du Montcel et al.
2014). Presence of disease modifiers may also affect disease onset, severity and association of other symptoms. In
model organism based studies, modifier genes from protein
folding and protein processing pathways, as well as various
other genes have been identified, of which few are shared
and others distinctively affect pathology of the respective
CAG disorders (Latouche et al. 2007; Bilen and Bonini
2007; Lessing and Bonini 2008; Branco et al. 2008; Ren
et al. 2011; Park et al. 2013). Association of SCA3 with
variations in DNA replication, repair and recombination
genes (ERCC6, RPA3 and CDK7) suggest their involvement in repeat instability. These could also modulate age
of onset, progression and severity (Martins et al. 2014).
The identification of modifier loci responsible for phenotypic differences in ataxia subtypes may be important
for better understanding of the underlying heterogeneity
(figure 2).

Diagnostic advancements in cerebellar ataxia
Development of a clinical algorithm

Genomic testing of CAs is carried out on the basis of clinical characterization, family history, laboratory findings,
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Figure 2. Diagrammatic representation of diagnostic challenges in CAs.

electrophysiological findings, ethnicity etc. It can be done
in three different ways (i) single gene test on the basis
of major and differential phenotypes, (ii) testing a panel
of reported mutations or targeted sequencing of reported
genes, and (iii) a more comprehensive genomic testing.
After analysis of many causative genes and clinical data
management, some studies (Brusse et al. 2007; Beaudin
et al. 2017) have suggested a clinical algorithm for diagnosis of either familial or sporadic CA patients. These studies
have followed some evaluation approaches as:
•
•
•
•
•
•
•

Exclusion of acquired reason of ataxia
Familial history
Age of onset
Clinical evaluation
Neuroimaging findings or biochemical parameters
Genetic aetiology characterization
Genotype–phenotype correlation

Some distinguishing features at onset of disease helps in
diagnosis such as autonomic dysfunction in SCA2 and
SCA3, altered saccadic eye movement in SCA2 and SCA6,
face and tongue fasciculations, and ophthalmopares is
in SCA3, visual impairment in SCA7, sensory neuropathy in SCA4, SCA18 and SCA25, epilepsy and seizures
in SCA10, mental retardation and developmental delay
in SCA13, myoclonus in SCA14, Parkinsonism in SCA2,
SCA17 and SCA21, cognitive impairment, chorea and
dementia in SCA17, tremor in SCA12 and SCA27, calcifi-

cation in SCA20 and neuromuscular disorders and hearing
loss in SCA36 (Manto 2005; Matilla-Dueñas 2012; Rossi
et al. 2014).
Based on the clinical and neurophysiological features
(Anheim et al. 2012), categorized ARCAs in three groups,
namely CA with pure sensory neuropathy, CA with sensorimotor axonal neuropathy and CA without neuropathy.
Recently, Beaudin et al. (2017) proposed new classification for ARCAs in which first group includes CA as
a predominant feature compared to other neurological
or non-neurological symptoms, second group includes
prominent CA with other complex motor or multisystem
disorders and third group includes other disorders where
ataxia is a secondary feature.

Advancements in disease gene identification and
pathophysiology
Advent of NGS and new functional genomics approach
have enabled identification of new causative genes in CAs
and helped in understanding of the disease pathophysiology in different model systems.
Advancements in identification of genetic basis through WES

Initial methods of disease gene identification like linkage or homozygosity mapping have been successful in
identifying genes implicated in ataxias, but these methods
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need large multigenerational families, large sample size,
are costly and time consuming. Genome-wide genotyping along with targeted re-sequencing of candidate region
helps in discovery of new genes in CAs. Whole exome
sequencing (WES) has played an important role in rapid
genetic diagnosis and novel gene discovery in various disorders including CAs (Bamshad et al. 2011; Rabbani et al.
2014). After the advent of NGS, 13 genes in ADCAs, 36
genes in ARCAs and 2 genes in X-linked ataxia have been
identified (Didonna and Opal 2016). In recent years, this
method has also helped to improve genetic diagnosis of
familial and sporadic uncharacterized ataxia cases in various cohorts (Ohba et al. 2013; Sawyer et al. 2014; Fogel
et al. 2014; Akizu et al. 2015; Keogh et al. 2015; van de Warrenburg et al. 2016; Nibbeling et al. 2017b). In these studies,
known and novel variations are not only found in CA genes
but also in genes of other neurological syndromes which
further helps in explaining the diverse clinical manifestations in genetically undiagnosed cases.
Candidate gene discovery in repeat containing region

Although NGS helps in addition of new CA genes and
explain aetiology in 30–60% uncharacterized CA cases,
but still there are unknown genetic factors which remain
to be explored. Identification of novel repeat expansion
loci linked to any disease through WES is difficult. Repeat
expansion diseases are associated with brain function and
behaviour. Many studies try to understand only the association of repeat expansion among neurological disorders.
In this line of study, microsatellite markers specifically tandem mono, tri, hexanucleotides repeat region have been
mapped across genome and evaluated for selection pressure, structural, function and evolutionary roles. There
is an increased proportion of exonic trinucleotide repeats
across whole genome regions suggesting positive selection
pressure. In identified long and polymorphic poly-Q sites,
there is a significant enrichment of apoptosis, neurodevelopment, regulation of transcription and biosynthesis,
signalling and enzymatic biological process (Kumar et al.
2016; Shimada et al. 2016). Further functional analysis
of molecular pathway of these long polymorphic poly-Q
and hyper expansion poly-Q might help to understand why
they are only associated with neurological disorders. Gene
network analysis based on protein interaction with long
polymorphic poly-Q with disease reported hyper expansion poly-Q might help in identification of newer repeat
expansion loci.
Advancements in understanding of molecular pathogenesis

The diversity and abundance of all cellular transcripts, i.e.
transcriptome has been found altered in neurodegeneration. Transcript analysis using low-throughput methods
such as in situ hybridization and RT-PCR can reveal

expression changes of merely a few genes at a time. The
emergence of new high throughput technologies, particularly hybridization based microarray and NGS based
RNA-sequencing (RNA-Seq), has made it possible to
measure the expression of thousands of genes simultaneously (Marioni et al. 2008; Richard et al. 2010).
Although microarray is a powerful technology that has
been frequently used at the genomewide scale, it also
presents several limitations, including its inability to detect
novel transcripts, a limited dynamic range for detection
and background noise (Sultan et al. 2008; van Bakel
et al. 2010). Using RNA sequencing approach Sanchez
et al. (2016) have characterized frataxin gene network and
demonstrated frataxin-mediated gene regulation of various biological pathways involved in interferon-induced
apoptosis, DNA damage and blood clotting regulation
processes. Common transcriptional signature between
SCA1 and SCA7 in early disease stages has revealed upregulation of an insulin-like growth-factor binding protein,
suggesting that dysregulation of the IGF pathway is a
common pathogenic response in SCA1 and SCA7 (Serra
et al. 2004; Gatchel et al. 2008). RNA sequencing analysis of transgenic SCA1 has demonstrated gene expression
changes that have been implicated in disease progression
and protection pathways (Ingram et al. 2016). Jana and
Nukina (2004) revealed that the misfolding propensity and
the cellular toxicity of expanded poly Q protein in SCA3 is
associated with the size of polyglutamine (Jana and Nukina 2004). In addition to aggregate formation, a knock-in
mouse transcriptome study of SCA3 has revealed aberrant splicing of ATXN3 gene which has been shown to
stimulate spliced variant with intron retention immediately downstream of the CAG repeat (Ramani et al. 2015).
Ghosh (2007) and Roshan (2012) revealed putative role of
voltage-dependent anion channel and impact of miRNA
in neuronal dysfunction associated with TATA-box binding protein (TBP) containing an expanded poly Q disease,
SCA17 (Ghosh et al. 2007; Roshan et al. 2012).
In SCA28 patients, expression analysis has revealed
differentially expressed genes clustered in well-defined
functional categories such as regulation of cell proliferation and programmed cell death and response to oxidative
stress (Mancini et al. 2013). Microarray expression study
in fragile X premutation carriers has revealed a better
understanding of the transcriptome dynamics in FXTAS
and provided insights into perturbations of the transcriptome, in addition to decreased level of EAP1, found to
be associated with ovarian insufficiency (Mateu-Huertas
et al. 2014). In peripheral blood of FXTAS patients, transcriptional dysregulation of genes involved in immune
response has been reported. Apart from transcriptional
impairments, elevated level of inflammatory cytokines has
also been reported. Role of early neuro inflammatory
responses have also been elucidated in SCA6 knockin mice through transcriptome profiling (Aikawa et al.
2015).
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Systems biology perspective for to delineating CAs
pathogenesis
Evidence for common cellular mechanisms and converging
pathways

Genes associated with CAs play an important role in biological processes such as transcription, translation, DNA
repair, mitochondrial replication and maintenance, ion
transport and structural component of synaptic transmission. The key pathophysiological events depend upon
the function of gene and nature of mutation and include
(i) accumulations of aberrant proteins (misfolded) and
dysfunctioning of proteasome clearance, (ii) transcriptional dysregulation, RNA alteration and aggregation, (iii)
mitochondrial dysfunction, oxidative insults, (iv) impairments in calcium and metal homeostasis, (v) induction
of oxidative and excitotoxic insults, and (vi) disturbances
in synaptic transmission and neuronal transport mechanism (Matilla-Dueñas et al. 2014). Involvement of several
shared disease pathways in CAs suggest interlinked function of genes implicated in disease pathogenesis. Intracellular Ca++ homeostasis plays a pivotal role in neuronal
survival and maintaining synaptic transmission properties. Cerebellar Purkinje cells are specifically vulnerable
to fluxes in intracellular calcium levels and disruptions
in multiple cellular pathways has been proposed to be
one of the common mechanisms involved in Purkinje cell
loss in SCAs (Kasumu and Bezprozvanny 2012). Gene
responsible for SCA6, SCA14, SCA15 and episodic ataxia
are linked to events associated with calcium regulation
(Ophoff et al. 1996; Zhuchenko et al. 1997; van de Leemput et al. 2007; Adachi et al. 2008) and dysfunction in
Ca++ homeostasis in other ataxias (Chopra and Shakkottai 2014; Bushart et al. 2016). Glutamate reuptake by
glutamate transporters in the presynaptic terminals of
certain neurons (including Purkinje neurons) presynaptic cleft is crucial. Calcium-dependent excitotoxicity as a
contributory mechanism is also reported in several forms
of CAs, suggesting that events related to synaptic failure and calcium influx might be interlinked (Liu et al.
2009).
Genes of different CAs are linked to common cellular pathways. Studies based on yeast two hybrid system
(protein–protein interaction) have identified several ataxia
genes which can interact directly or share interacting
partners (Lim et al. 2006; Didonna and Opal 2016). Additionally, transcriptome-based weighted gene coexpression
network analysis of brain samples have provided evidence
of overlapping molecular pathways and novel interactants
in pathogenesis of SCAs (Bettencourt et al. 2014).
Co-occurrence of SCA12 mutation with SCA2,
Crutzfeldt Jacob disease, bipolar disorder and role of
ataxin-2 intermediate-length as a risk factor in ALS have
also been reported (Hellenbroich et al. 2004; Elden et al.
2010; Faruq et al. 2014b). In a proof of concept study,
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Nibbling et al. (2017) have recently identified five novel
genes in genetically uncharacterized cases of CAs and
assigned function using gene network analysis. This further strengthens the need to understand CAs from a
network perspective (Nibbeling et al. 2017b).

Translational research in ataxia
Advancement in disease modelling approach

The pathomechanistic aspects of genes and proteins identified in cerebellar dysfunction are generally studied in
various in vitro as well as in animal model systems such
as Caenorhabditis elegans, Drosophila melanogaster, Danio
rerio andMus musculus (Ventura et al. 2006; Jeibmann and
Paulus 2009; Manto and Marmolino 2009; Mock et al.
2010; McGurk et al. 2015; Fardghassemi et al. 2017) . However, due to differences between other species and humans,
these models do not recapitulate the disease in entirety
and sometimes may not faithfully mimic pathophysiology.
Besides, their utility can be appreciated only when the disease associated protein and corresponding pathways are
evolutionarily conserved. However, function of homologous protein and their interactome may not always be
conserved in the species and could provide variable results
in different biological models.
Emergence of iPSCs technology has made great impact
in basic and clinical researches. Development of patient relevant disease model has enabled understanding of disease
biology along with development of personalized medicine
(Chun et al. 2011; Li et al. 2016). This is because iPSCs
can be differentiated into diverse cell lineages which can
be used for capturing early as well as progressive events
during disease time course, discovery of novel disease
mechanisms and drug screening (Lynch et al. 2012; Hick
et al. 2013; Eigentler et al. 2013). Patients-specific iPSCs
derived various neuronal lineage subtypes in vitro model
systems have been explored in all major neurodegenerative disorders including CAs (Sterneckert et al. 2014;
Wong et al. 2017). The importance of patient-specific
disease model system can be exemplified by studies in
Friedreich’s ataxia (FRDA). Existing animal models of
FRDA fail to fully recapitulate the disease phenotypes
pattern comparable to patients (Miranda et al. 2002; AlMahdawi et al. 2008; Perdomini et al. 2013), whereas iPSCs
derived neuronal and cardiomyocyte model demonstrate
disease relevant phenotypes (Liu et al. 2011; Hick et al.
2013). In SCA2, iPSC-derived neuronal model revealed
abnormal rosette formation, NSCs viability differences
and lower expression of mutated ataxin 2 protein whereas
in SCA2 fibroblast the differences from control were not
apparent (Xia et al. 2013). In SCA3 model, disease phenotype leading to early aggregation intermediates was only
observed after neuronal excitation (Koch et al. 2011).
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Figure 3. Schematic diagram of therapeutic interventions in CAs. Figure showing multidisciplinary approach in disease management including pharmacological treatment, stem cell and gene based therapy and rehabilitation approaches. *Represents genetically
characterised and uncharacterized cases of CAs.

Ishida et al. (2016) have succeeded in generating differentiated Purkinje cells of SCA6 where thyroid hormone
depletion-dependent degeneration was observed. In study
of FXTAS, many pathophenotypic features of the disease such as deranged calcium signalling, splicing effects,
RNA foci, synaptic protein changes and neuronal electrophysiological alteration could be recapitulated (Liu et al.
2012).

Therapeutic advancements in CAs
Usually there is no effective medical therapy available
for CAs which can cure the disease. However various
treatment modalities are available, which can improve the
symptoms and quality of life of affected individuals. The
available therapeutic strategies include (i) pharmacological treatments, (ii) rehabilitation approach, (iii) cell and
gene based therapies (figure 3). In acquired ataxic features caused by deficiency of vitamin E, B12, CoQ10
or thyroid hormone, the disease can often be improved
by their respective supplements (Jayaram et al. 2005;
Quinzii et al. 2013; Crawford and Say 2013; Kotwal et al.
2016). Cerebellar damage due to tumour and infection
can be improved by ameliorating the triggering factors.
Use of acetazolamide and 4-aminopyridine medication
often reduces seizures and cerebellar damage in episodic

ataxia type 2 (Strupp et al. 2011; Ilg et al. 2014). Uses
of beta-blockers agents such as propanol or primidone
are helpful in the management of tremor which is characteristic of SCA12 and FXTAS (Bain 2002; Hall et al.
2006). Similarly antianxiety drugs such as benzodiazepine
are frequently used to reduce the anxiety as well as tremor.
Application of several GABAergic compounds, such as
amitriptyline, gabapentin or pregabalin are useful in management of neuropathic pain. Muscle spasticity which is
frequently encountered in CA patient is controlled by muscle relaxing agent such as baclofen (Berntsson et al. 2017).
Similarly phosphodiesterase inhibitors (PDE inhibitors)
such as sildenafil could be used in management of erectile
dysfunction in disease affected individuals. In addition to
management of such symptomatic relief medications, several clinical trials has been attempted with variable results
(Ilg et al. 2014; Sarva and Lynn 2014). Rehabilitation
approaches including physiotherapy, occupational therapy, and psychological therapy have shown improvements
in terms of clinical and psychological features. Recently,
a few and small clinical studies have evaluated motor
training and intervention for patients (Miyai et al. 2012;
Fonteyn et al. 2013, 2014). Gene therapy is an advanced
therapeutic approach that is aimed at introducing antisense oligonucleotides targeting the gene expression or
replacing the defective gene in a patient’s cells for the
purpose of treatment and cure of disease. Several reports
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have shown utility of antisense oligonucleotides (AON)
in the management of CAs (Fiszer et al. 2012; Moore
et al. 2017). Recently FDA has approved AGIL-FA, an
orphan drug as a potential candidate for the treatment
of FRDA, where the defective gene is replaced by normal gene. It is delivered to central nervous system using
adeno-associated virus (AAV) technology that ensure safe
delivery to targeting tissues and the sustained expression
of frataxin protein (Haas 2014). Although gene therapy approach seems to be fascinating and permanent
cure for genetic diseases but these approaches are still
in infancy. Thus, there is a need to further improve such
therapy in context of CAs that should be safe and persistent.

have been created. The majority of prevalent and known
ataxic disorders are dynamic repeat expansion (39%) where
frequency is 7% in SCA1, 12% in SCA2 and SCA12, 3%
in SCA3, 1% in SCA7 and 4% in FRDA. Apart from
these genetically diagnosed cases, majority of cases (61%)
remain unidentified. A systematic clinicogenetic characterization of patients has enabled the development of an
algorithm for genetic testing where 50% of the cases can be
explained by screening 8–10 loci using PCR. Recently, we
have optimized a multiplex approach where it is possible
to diagnose five different dynamic repeat expansion associated ataxias. This reduces the time and cost of screening.
The extensive data on genotypes and phenotypes has made
a greater success in enabling clinical decisions.

Ataxia in India: historical perspective and current
scenario

Founders of CA and mutational history

The first case report of cerebellar degeneration had been
described in 1959 in Indian population and the subject
had clinical manifestations of olivopontocerebellar atrophy (OPCA) and Machado–Joseph disease (MJD) (Jolly
and Singh 1959; Singh et al. 1964). Genetic investigation
of SCA2 and OPCAs started in the late 90s (Wadia and
Swami 1971). Subsequently, the use of Southern blotting
and fragment analysis in diagnosis of FRDA, and other
SCAs came into practice (Bharucha et al. 1986; Jain and
Maheshwari 1986). Among the observed SCAs, frequency
of SCA1, SCA2, SCA3 and SCA12 are higher compared to
those of SCA6, SCA7, SCA8, SCA10 and SCA17 (Faruq
et al. 2009).
In addition to FRDA, other subtypes of ARCA such
as ataxia telangiectasia (AT), ataxia with vitamin E deficiency (AVED), cerebrotendinous xanthomatosis (CTX)
and abetalipoproteinemia (ABL) were clinically diagnosed
(Dogra and Manchanda 1967; Padma et al. 1996; Gaikwad et al. 2003; Jayaram et al. 2005). We have been able
to build anextensive resource for diagnostics, mechanistic understanding and translation aspects of CAs. The
work outcome can broadly be classified into (i) development of diagnostic algorithm for genotype–phenotype
correlations, (ii) understanding origin and mechanism of
repeat instability using population polymorphism scanning approach, and (iii) development of model systems
for translational research (table 3).
Disease prevalence and development of a diagnostic algorithm

Due to the vast clinicogenetic heterogeneity, as discussed
in an earlier section, the diagnostic in CAs demands extensive work up both at the clinical and genetic levels. Till date,
nearly 5000 cases of different CAs have been registered in
our tertiary referral centre AIIMS and IGIB. DNA repository of the index cases as well as the affected and unaffected
family members from small and multigenerational families

Variability in prevalence of CAs due to founder mutation
and endogamy has been reported across different populations as well as in India. Dynamic repeat mutation
exhibits variable length polymorphism in healthy populations. Prevalence of particular ataxia has been correlated
to the frequency of the large normal alleles in the background population. The haplotypes associated with the
large normal alleles are also shared with the expanded
alleles, suggesting that the large normal are a pool for
recurrent mutations.
Using SNPs and microsatellite markers spanning the
affected gene, we have identified common founders for
SCA1, 2, 3, 12 and FRDA in the Indian population
(Saleem et al. 2000; Mittal et al. 2005c; Bahl et al. 2005;
Mittal et al. 2005b; Singh et al. 2010) (table 3). These variations have also provided insights into the mechanism of
repeat instability and origin of the diseases. For example, a common presence of an ACA haplotype (rs669,
rs987, rs1118) associated with unstable intermediate allele
in SCA3 occurs very frequently in the Indian population
but is rare in the Portuguese population from where the
mutation has been reported to have spread globally. Our
study has revealed that the original mutation could have
been introduced into the Portuguese population through
admixture with South Asian populations (Mittal et al.
2005c). Similarly, we identified SCA12 families belonged
to an endogamous ethnic population, with a common
shared haplotype A-25-C-A-G (rs7446269, dinucleotide
marker BV096861, rs10302810, rs6897368, rs10302811),
suggesting presence of a common founder from north
India. This Indian haplotype was different from haplotype
of German American pedigree suggesting SCA12 CAG
expansion mutation has originated independently in different parts of the world (Bahl et al. 2005). In FRDA,
we observed AC[C/T] haplotype (rs11145465, rs3829062,
rs2871223) shared among Indian and Caucasians which
suggested common founder (Mittal et al. 2005b; Singh
et al. 2010).
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Table 3. Historical perspective and current scenario of CAs in India.
Broad questions

Highlights of the study

Estimation of disease
prevalence and development
of a diagnostic algorithm

Prevalence of CAs in north, south and east Indian
Basu et al. (2000); Krishna et al.
population: SCA1, SCA2, SCA3, SCA12 and FRDA
(2007); Faruq et al. (2009)
are more prevalent than other cerebellar ataxia
Sample repository: DNA repository for 5000 index cases −
and their family members
SCA2: CC haplotype define two SNP (rs695871,
Saleem et al. (2000); Choudhry et al.
rs695872), associated with risk factors
(2001)
SCA3: ACA haplotype defined by SNPs (rs669, rs987,
Mittal et al. (2005c)
rs1118) as founder and intermediate allele as a source
for expansion, origin and spread of SCA3 into
Portuguese occurred through admixture with south
Asian population
SCA1: north and south Indian population have different
Mittal et al. (2005b)
founder defined by haplotype C-4-C and non C-4-C
(rs1476464-D6S288-rs2075974)
SCA12: unique haplotype defined byA-25-C-A-G
Bahl et al. (2005)
(rs7446269, dinucleotide marker BV096861,
rs10302810, rs6897368, rs10302811), as a common
founder in Indian populations
FRDA: first report of FRDA prevalence in Indian
population, haplotype defined by AC[C/T (rs11145465, Singh et al. (2010)
rs3829062, rs2871223) shared among North and South
Indian and introduction of FRDA in south India is
much recent
SCA7: shared haplotype background (GCGCTGCC)
Faruq et al. (2017)
between Indian and Mexican populations
Database development: SCA-LSVD
Faruq et al. (2009)
New pathogenic allele: unstable 45 repeat length with
Padiath et al. (2005); Srivastava et al.
diseased phenotype in SCA3 and new threshold (≥43)
(2017)
for SCA12 pathogenicity
SCA2: slippage as mode of expansion, haplotype with
Choudhry et al. (2001)
loss of CAA nucleotide interruption associated with
repeat expansion
De novo expansion in SCA7: instability of intermediate
Mittal et al. (2005a)
repeat allele in postzygotic stage during transmission
Repeat length variability in SCA2 during paternal
Saleem et al. (2000); Singh et al.
transmission: expansion of merely few repeats in
dizygotic twins, Infantile onset with ∼320 repeat length (2014)
during paternal transmission
FRDA: expansion and instability of GAA repeat in
Chauhan et al. (2002); Mittal et al.
genome due to stand slippage and DNA triplex
(2005c)
formation
SCA3: gene conversion
Role of histidine interruptions in context to SCA1
Sharma et al. (1999); Sen et al. (2003)
pathogenesis
Misfolding promotes the ubiquitination of Poly Q in
Jana and Nukina (2004)
context to SCA3
Putative role of voltage-dependent anion channel and
Ghosh et al. (2007); Roshan et al.
impact of micro RNA in neuronal dysfunction
(2012)
associated with TATA-box binding protein (TBP)
containing an expanded poly Q disease, SCA17
Mutation mapping through LD pattern: three minimal
Bahl et al. (2009)
SNPs (rs161042, rs319215 and rs319156) can map the
causal loci in PPP2R2B in SCA12
WES in three uncharacterized CAs families: novel
Faruq et al. (2014a)
variation in typical C10orf2 and SACS and atypical
CLN6 gene adds to the diagnostic panel for ataxia

Identification of founders of
CAs and tracing mutational
history

Genotype–phenotype correlation and novel pathogenic allele

Mechanisms of repeat instability, expansion, pathogenesis and
modifiers

Method for discovery novel
genes in genetically
uncharacterized CA cases

Reference
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Table 3 (contd)
Broad questions

Highlights of the study

Reference

Clinicogenetic characterization
for identification of
endophenotypes

Unique endophenotype in SCA12: tremor as an
distinguished clinical feature

Srivastava et al. (2001)

Enabling diagnostic and
increasing the outreach
Translational aspects

Disease deconvolution: identification of atypical CLN6,
causing NCL also associated with CAs
Modifiers of ataxia phenotypes : intronic SNP in SCA7
has potential impact on transcription and histone
methylation, mtDNA variation as a disease modifier in
FRDA
SCA-LSVD: detailed information of age at onset,
symptoms, family history and genetic basis
GOMED: extension of genetic testing services for ataxia
across country, disease management and diagnosis
Biorepository: PBMCs, LCLs, iPSC and neuronal cell
line for functional validation of leads from ataxia
Understanding insight of SCA12 pathophysiology using
iPSC technology
Therapeutic target: Restoration of mutant gene using
novel Syn-TEFs in FRDA

Genotype–phenotype correlation and novel pathogenic alleles

We have developed a database that catalogues the demonstrated phenotypic spectrum of different SCAs and has
been helpful in setting up genetic testing and enabled
genotype–phenotype correlation (Faruq et al. 2009; Goel
et al. 2011; Yadav et al. 2012; Jhunjhunwala et al. 2013,
2014; Chandran et al. 2014). Additionally, we observed
an association of CAG length with onset of disease progression in SCA subtypes (Netravathi et al. 2009). The
expansion of the CAG repeat length is associated with disease manifestations and varies among populations. In our
cohort, we have reported novel unstable pathogenic alleles (45 repeat) in a three generation SCA3 family (Padiath
et al. 2005). Also, the threshold limit for SCA12 pathogenesis was observed to be less in our cohort compared
to other populations studied and the affected individuals
show variability in terms of disease onset and radiological
findings (Srivastava et al. 2017).
Mechanisms of repeat expansion

Since the phenomenon of repeat expansion is inherently observed in human lineage, we hypothesized that
computational analysis of human genome sequences as
well as population polymorphism scanning studies in
affected and unaffected individuals might provide interesting insights into the mechanism of expansion.
We explored the role of nucleotide interruptions in
dynamic repeats instability in SCA1 and SCA2. We
reported the absence of CAA interruptions in expanded
CAG stretch of ATXN2 and further identified protective/risk factor and segregation of CC haplotype linked
to SCA2 (Choudhry et al. 2001). Similar observations

Faruq et al. (2014a)
Singh et al. (2015); Fardghassemi
et al. (2017)
Faruq et al. (2009)
http://gomed.igib.in
−
Kumar et al. (2017)
Erwin et al. (2017)

were made in SCA1 through in vitro studies where it
was demonstrated that polyglutamine peptides with histidine interruptions could mitigate pathophysiological effect
(Sharma et al. 1999; Sen et al. 2003). Further, in majority
of the cases, the haplotypes associated with the affected
allele are ancestral. The protected haplotypes are observed
in the human lineage. Using population polymorphism
approach, we also demonstrated the origin of expanded
alleles in SCA3 which could be due to gene conversion.
In SCA7 proband, we detected de novo expansion of the
paternal allele through analysis of sperm DNA of the
transmitting parent (Mittal et al. 2005a). We also observed
variability in repeat instability during transmission with
some families showing expansion of few repeats to an
infantile onset SCA2 proband with ∼320 CAG repeat
where the paternal expanded allele had an expansion of
47 repeats. This suggests the role of additional modifiers
in repeat instability. We also provided a model expansion of GAA repeats in FRDA through strand slippage
and DNA triplex formation in GAA repeat regions and
demonstrated the role of flanking repeats in potentiating
instability (Chauhan et al. 2002).
Discovery of novel genes in CA of Indian population

Disease causing mutation or associated haplotype can
be mapped in genetically related specifically endogamous
populations using linkage disequilibrium pattern. We had
employed this strategy in our population using SCA12 as a
disease model where we genotyped tagSNPs in PPP2R2B
gene in control sample of 55 IGVdb population and
endogamous SCA12 probands. We were able to map the
mutations in the CAG-containing region using a minimal set of three common SNPs (rs161042, rs319215 and
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(b)

Figure 4. Clinical and genetic overlap among neurological sub phenotype of cerebellar ataxia. (a) Distribution of overlapping gene
across 33 clinical features of CAs. (b) Overlapping genes and sub phenotypes of CA.

rs319156). This study demonstrated the power of mapping
mutations for rare diseases in Indian endogamous populations.
Prevalent CAs account for ∼40% consisting of both
familial and sporadic cases. The remaining uncharacterized cases share overlapping and some distinguishing
clinical features with known CA cases. To discover the
genetic basis in these uncharacterized cases, we employed
genomewide genotyping and WES approach in three
ARCA families as a pilot study. We identified typical
ARCA genes C10orf2 and SACS in two families and atypical CLN6 gene in one family. Mutations in CLN6 have
been reported to be associated with NCL disorder and
prior to this discovery it was not recommended for testing in ataxia. In NCL disorder, ataxia is described as a
secondary phenotype whereas in the present study it is the
primary feature. This study not only highlights the need for
disease deconvolution in ataxia but also led to the inclusion of this gene in the of targeted gene panel for rapid
diagnosis in other uncharacterized cases. Atypical ataxia
gene can be catalogued with the help of phenotype-gene
database. Human phenotype ontology (HPO), a phenotype based database, includes all clinical observations
related to a disease. We had used this database in collating
genes related to 33 clinical features (ataxia subphenotype)
which will be useful in prioritization of novel candidate
genes (figure 4). Integrating this approach in our ongoing studies have also resulted in an increase of diagnostic
yield in CAs. Although, database supported tools and
novel variations in reported gene scan serve as supporting
evidence for ascribing pathogenicity, but still likelihood

of the same is not definite. Dilemma for clinicians and
researchers arises for further reporting to patients. Challenges arise here whether to opt for functional validation
of known gene novel variation or progress towards novel
finding.
Clinicogenetic characterization

More than 200 families of SCA12 in our cohort have
been traced to be a common founder from a north Indian
endogamous population. Interestingly, in the Indian subcontinent, two clinical subgroups of SCA12 patients have
been identified. One is tremor dominant group who present
with predominant hand tremor, mild-moderate gait abnormality, dysarthria and tremor of head with or without
pyramidal/extrapyramidal features and the other is gait
dominant group where hand incoordination is observed
more frequently than tremor. The dysarthric speech and
extrapyramidal features are invariably low in frequency in
gait compared to tremor. This differential pattern of disease progression in SCA12 also suggests that there might
be some genetic modifier along with the primary SCA12
mutation which contributes to modulation of the molecular pathology in SCA12. Further, several clinical aspects
such as evoked potential, extrapyramidal manifestations,
cortical excitability, central motor conduction time, heart
rate variability, pulmonary dysfunction and electrophysiological parameters have been extensively studied in several
forms of SCAs (Faruq et al. 2009; Goel et al. 2011; Yadav
et al. 2012; Jhunjhunwala et al. 2013, 2014; Chandran et al.
2014).
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Clinical heterogeneity in FRDA in term of diabetes mellitus, cardiomyopathy and skeletal deformity speculate an
impact of population genetic architecture and mitochondrial DNA variations as disease modifiers in pathogenesis
of FRDA (Singh et al. 2015). In SCA7, CA and optic
atrophy are prominent in addition to some more variable
features. We had identified disease affected individuals in
our endogamous Indian population and have also shown
presence of premutable allele as a risk of SCA7 mutation
(Faruq et al. 2015). We identified an SNP (rs6798742)
in SCA7 which can affect transcription and histone
methylation and may modulate CAG expansion (Faruq
et al. 2017). Ethnicity and subphenotype information
may provide additional successful diagnostic and genetic
testing.
Diagnostic services

The SCA-LSVD database which include information of
age of onset, clinical features, genotype and mode of inheritance has been helpful in genotype–phenotype correlations
and rapid diagnosis (Faruq et al. 2009). This is now provided as a routine test through the GOMED programme
(http://gomed.igib.in), where clinicians across the country
can refer patients for further help in disease diagnosis and
management.
Way ahead from diagnostics to translation: Indian perspective

To obtain further insight into disease pathogenicity and
therapeutics, we have initiated the development and establishment of cell line repository of rare neurological disorder, specifically CAs. We routinely collect peripheral blood
mononuclear cells (PBMCs) of disease affected individuals and siblings, and transform them to lymphoblastoid
cell lines (LCLs) which serve as a continuous resource of
patient lines and bypass the need for resampling. These
include known as well as uncharacterized samples where
novel mutations have been identified. To understand the
genetic and functional aspects of diseases, we frequently
utilized iPSC technology for disease modelling. We generated iPSCs of SCA12 and studied pathophysiological
aspects by converting them into neuronal lineages, i.e.
NSCs and pan neurons. This was potentially the first study
in the field to address SCA12 disease biology using patient
derived iPSC model and transcriptomic data resource,
which showed alteration in global transcriptomic repertoire and surprisingly drawn attention to the involvement
of interferon response in disease condition (Kumar et al.
2017).
This resource can be utilized in screening the effect of
known/novel drug for therapeutic management. Recently,
using cell lines and PBMCs from FRDA patients with
different genetic backgrounds and broad range of GAA
repeat expansions, the effect of synthetic transcription
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elongation factor on (Syn-TEFs) reactivation of transcription of the affected allele was studied. Interestingly, this has
paved the way for application of Syn-TEFs in overcoming
the mutation effect and has promise in disease management of FRDA (Erwin et al. 2017).

Summary and future prospects
The progressive neurodegeneration leads to considerable
disability and recurrent hospitalization in most CA cases.
Since most of them are adult onset and heritable with
a phenomenon of anticipation in many cases, individuals could be asymptomatic and remain undiagnosed for
many years. The mutations therefore persist in the populations and can have a substantial burden, especially in
endogamous or consanguineous populations. Due to the
rarity of the disease, international estimates predict that
on an average it takes 5–7 years to get a proper diagnosis.
Mutations in vast number of genes and clinical heterogeneity further createdilemma for clinicians and biologists,
and pose a challenge for rapid and cost-effective diagnosis. Creation of electronic health records (EHR) and
genetic repositories through nationwide wide efforts could
allow one to continuously review and refine the clinical
decision, enabling the diagnosis to be more precise over
time.
One can evolve a diagnostic algorithm which could
explain a substantial number of cases through limited
genetic testing. In parallel, efforts could be made to characterize novel genes/mutations through NGS or targeted
resequencing. The function of the potential deleterious
allele could be further tested if patient-derived cell lines
are available. These efforts could provide a comprehensive testing panel for disease diagnosis in a large scale.
Further, integration with population data can also allow
focussed testing/screening in specific populations. Recent
advancements in genome editing technologies allow making precise genetic changes in the genome. Gene correction
using CRISPR/Cas9 may bring normal state in these cells
which can further be used in stem-cell-based transplantation therapies.
One of the important aspects where there are developmental needs in parallel with rapid advancements in
sequencing and genome editing technologies is in handling ethical legal, social issues (ELSI). Due to the varied
ethnic and cultural diversity, and traditional life style practices, implementation would not be a trivial task unless it
takes into account these aspects. We need to evolve robust
ethical guidelines for delivering test results, especially to
the symptomatic and at-risk individuals. An important
aspect is in dealing with incidental findings during the
course of study, subject anonymity, ways of administering
the tests and in communicating the results appropriately
so as to avoid discrimination due to genetic testing. We
also need to deliberate how the studies can impact an
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individual’s employment, health insurance and medical
claims. This would need active dialogue and engagement
with the policy makers, all stakeholders and the patient
community for its widespread acceptance and outreach.
Further, insulation from genetic discrimination, setting up
of hospital based genetic counselling centres and improvement in the genomic knowledge awareness in the public
would be beneficial for public health and quality of life.
The economic disparity and socio-cultural diversity of our
population indicate that we would need to evolve multipronged approaches to prevent and reduce the burden of
diseases. These have to be affordable, accessible as well as
acceptable.

Concluding remarks
India, with its large multigenerational families from diverse
endogamous populations and vast patient pool, provides
an enormous opportunity for identification of mutations
linked to rare diseases. Moreover, India harbours the
global genetic diversity, as a result of which studies carried out in Indian population are likely to be portable
to different world populations. This is also exemplified
by many discoveries of genes linked to rare diseases
in subjects that have origins in India. However, there
is still a dearth of national clinical registries that catalog detailed phenotypic characterization of patients with
history and follow-ups as well as bio-repositories that
houses samples for discovery and validation. A systematic characterization of phenotypes and development of
repository can play an important role in tackling rare diseases.
There have been two key aspects that enabled a sustainability to this initiative (i) induction of clinician scientists
and (ii) an interdisciplinary research environment where
research was conducted with a joint mentorship of a clinician and a genomics scientist. This has been seminal in
bridging the gap from clinic to lab. Success in clinicogenetic
characterisations of patients as well as time to clinical diagnosis and genetic testing could be substantially reduced
due to this iterative dialogue. AIIMS now has a specialized ataxia clinic where referrals are made from different
parts of the country and newer developments are being
initiated through this resource.
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