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Abstract. Neurodegenerative diseases constitute a large proportion of disorders in elderly, majority being sporadic in occurrence
with ~5-10% familial. A strong genetic component underlies the Mendelian forms but nongenetic factors together with genetic
vulnerability contributes to the complex sporadic forms. Several gene discoveries in the familial forms have provided novel insights
into the pathogenesis of neurodegeneration with implications for treatment. Conversely, findings from genetic dissection of the
sporadic forms, despite large genomewide association studies and more recently whole exome and whole genome sequencing, have
been limited. This review provides a concise account of the genetics that we know, the pathways that they implicate, the challenges
that are faced and the prospects that are envisaged for the sporadic, complex forms of neurodegenerative diseases, taking four
most common conditions, namely Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis and Huntington disease as
examples. Poor replication across studies, inability to establish genotype-phenotype correlations and the overall failure to predict
risk and/or prevent disease in this group poses a continuing challenge. Among others, clinical heterogeneity emerges as the most
important impediment warranting newer approaches. Advanced computational and system biology tools to analyse the big data
are being generated and the alternate strategy such as subgrouping of case—control cohorts based on deep phenotyping using the
principles of Ayurveda to overcome current limitation of phenotype heterogeneity seem to hold promise. However, at this point,
with advances in discovery genomics and functional analysis of putative determinants with translation potential for the complex
forms being minimal, stem cell therapies are being attempted as potential interventions. In this context, the possibility to generate
patient derived induced pluripotent stem cells, mutant/gene/genome correction through CRISPR/Cas9 technology and repopulating
the specific brain regions with corrected neurons, which may fulfil the dream of personalized medicine have been mentioned briefly.
Understanding disease pathways/biology using this technology, with implications for development of novel therapeutics are optimistic
expectations in the near future.

Keywords. neurodegenerative disorders; Alzheimer’s disease; Parkinson’s disease; amyotrophic lateral sclerosis; Huntington disease;
genomewide association studies.

Introduction multiple system atrophy, progressive supranuclear palsy,

dementia with Lewy bodies, amyotrophic lateral sclerosis,
Neurodegenerative disorders are a collective term used to ~ Huntington disease, prion disease, spinocerebellar ataxia,
include a number of diseases such as Alzheimer, Parkinson,  spinal muscular atrophy, neuronal ceroid lipofuscinoses,
Pick’s disease, frontotemporal dementia etc. All these con-

Sumeet Kumar and Navneesh Yadav contributed equally to this  ditions are characterized by neuronal degeneration and
work.

Electronic supplementary material: The online version of this article (https:/ldoi.orgl10.10071s12041-018-0953-5 ) contains supplemen-
tary material, which is available to authorized users.
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Figure 1. Schematic presentation showing parts of the brain affected in different neurodegenerative disorder.

consequent altered functions in different regions across
the central and peripheral nervous system with symptoms
manifesting in the respective target tissues. Different parts
of the brain are comprised of specialized neurons such as
dopaminergic, cholinergic, serotoninergic, glutamatergic
among others, alterations in which lead to different disease
phenotypes (figure 1). Loss of specific neurons either due
to intrinsic (genetic) or extrinsic (injury, infection etc.) fac-
tor is generally an irreversible process and contribute to a
range of pathological features. Underlying these disorders
are a common set of clinical features such as involuntary
movement and relentless progress in disease (Bertram and
Tanzi 2005). Yet another shared feature of all these con-
ditions are that they are generally late onset and sporadic
in occurrence with only a small but varying proportion
being familial. A strong genetic component is undisputed
in the aetiology of the latter group which is also generally
characterized by comparatively earlier age of disease onset.
However, based on the classical twin/adoption studies and
epidemiological surveys, nongenetic factors together with
genetic vulnerability are believed to contribute to the more
abundant sporadic forms, thus justifying their inclusion
under complex disease category.

Conventional genetic analysis tools for linkage and
contemporary approaches of next-generation sequencing
performed using familial forms of most of these disor-
ders have contributed notably to the discovery of several
putative disease causal genes. These have provided novel
insights into the pathogenesis of neurodegeneration and
the field is still evolving at a dramatic pace and is expected
to greatly influence the diagnosis and treatment in future
(Pihlstrem et al. 2017). Conversely, findings from genetic
dissection of the common sporadic, complex disease forms
have been limited, warranting use of additional strate-
gies. Thus, uncovering additional risk conferring genes/loci
may provide newer insights into disease biology with

implications for improved/novel therapeutics. This review
aims to provide a concise account of the genetics that we
know, the pathways that they implicate, the challenges that
are faced and the prospects that are envisaged for the spo-
radic, complex forms of neurodegenerative diseases, taking
four most common conditions namely Alzheimer’s dis-
ease (AD), Parkinson’s disease (PD), amyotrophic lateral
sclerosis (ALS) and Huntington disease (HD) as exam-
ples. It may be relevant to mention here that HD is a
monogenic disorder, but due to its exceptional inheritance
pattern, caused by as yet unclear modifier gene effects, it
has been included under complex disease forms. A brief
account of the disease per se and the available genetic data
are provided separately for each of these four pathologies
in the earlier part of this review and the challenges and
prospects being more or less similar across these conditions
are discussed together in the subsequent section. Major
similarities and unique features of these four neurodegen-
erative disorders are also tabulated in table 1 in electronic
supplementary material at http://www.ias.ac.in/jgenet/.

Alzheimer’s disease

AD is a chronic progressive neurodegenerative disease
that is responsible for around 60 to 70% cases of demen-
tia. AD is generally a disease in elderly population with
a prevalence of 10-30% in the population >65 years of
age, and an incidence of 1-3% affecting 20-30 million
people worldwide with the incidence shooting up from
0.5% per year in 65-75 age group to 6-8% per year in
age group 85 and above (Masters et al. 2015). Late onset
sporadic cases comprise >95% of disease burden and
<1% are familial, showing an autosomal dominant mode
of inheritance and notably a much earlier age of onset
cognitive deficits in AD is insidious in onset and
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progressive in course (Scheltens er al 2016). Memory
impairment, specifically the loss of memory of recent
events, is the most frequent feature of AD and is usually its
first manifestation followed by deficits in other cognitive
domains. Executive dysfunction and impaired visuospatial
skills are affected relatively earlier than language func-
tion and behavioural symptoms. Noncognitive neurologic
deficits (pyramidal and extrapyramidal motor signs and
seizures) can occur in late stages of AD. The speed of pro-
gression is variable but the average life expectancy after
diagnosis is three to nine years.

In AD, there is neuronal cell death in wide areas of
the cerebral cortex and hippocampus, starting with the
neurons of the frontal and temporal lobes, gradually pro-
gressing to other areas of the neocortex at rates that
vary considerably between individuals. Pathologically, it
is marked by accumulation of insoluble forms of amyloid-
B (AP) as plaques in extracellular spaces, as well as in the
walls of blood vessels and aggregation of the microtubule
protein tau in neurofibrillary tangles in neurons (Masters
et al. 2015). The clinical diagnosis in AD is challenging
as comorbidities such as cerebrovascular disease and hip-
pocampal sclerosis are seen in patients. The development
of Pittsburgh compound B (PiB)—a C11 radioactive ana-
logue of fluorescent amyloid dye thioflavin T62 has helped
in AP imaging in patients by positron emission tomog-
raphy (PET) brain scans. Greater accuracy in diagnosis
has been possible with the development of an advanced
tracer florbetaben F18. Another method for diagnosis is
CSF collection by lumbar puncture from AD patients and
profiling for protein biomarkers Ap42, total tau (T-tau)
and phosphorylated tau (P-tau); and the most commonly
used assay is specific for P-tau at Thr181 (Olsson et al.
2016).

Familial occurrence together with a greater risk of indi-
viduals of developing AD among those with first degree
relatives with disease were suggestive of a genetic compo-
nent in disease aetiology which was confirmed by heritabil-
ity estimates for AD ranging between 57 and 78% (Meyer
and Breitner 1998). Twin studies showing 32.2% con-
cordance between monozygotic and 8.7% between dizy-
gotic twins have revealed gene—environment interactions
in the aetiology of AD with genetic determinants being
probably lesser contributors (Pedersen ez al. 2004). Aver-
age life span after disease onset is 8-10 years and there is
no treatment available for AD. Cholinesterase inhibitors
like donepezil, rivastigmine and galantamine are used to
treat the cognitive symptoms (memory loss, confusion
and hampered thought processes) associated with AD.
Memantine (glutamate antagonist) provides some bene-
fit for patients with moderate to severe dementia. New
treatment modalities are urgently needed to prevent, delay
or treat the symptoms of AD. Researchers are currently
focussing on anti-amyloid approaches (including active
and passive immunization strategies), Y-secretase and fB-
secretase inhibitors and anti-aggregation drugs.

629
Genetic risk factors

The discovery of AB peptides in brains of both AD patients
and persons with Down’s syndrome was one of the ear-
liest clues that mutation in a gene on chromosome 21
might also cause AD in persons without Down’s syn-
drome (Glenner and Wong 1984a,b). As in PD, causal
gene discovery was more plausible using the familial forms.
Linkage analysis in families with AD identified Amyloid-
B A4 protein precursor (4PP) gene at 21q21.3 coding for
the AP peptide precursor as a promising candidate (Hardy
2006). Specific mutations in APP seen in early onset AD
(EOAD) patients confirmed its role in disease aetiology
(Chartier-Harlin et al. 1991) but mutations in APP could
not explain all the forms of familial EOAD and thus the
search for additional genes/loci continued. Linkage analy-
sis performed in more families discovered two more genes,
namely presenilin-1 (PSENI) (Sherrington et al. 1995)
and presenilin-2 (PSEN2) (Levy-Lahad et al. 1995). As
of date, a total of 52,241 and 45 mutations are reported
in APP, PSENI and PSEN2, respectively (listed at http://
www.alzforum.org/mutations) accounting for ~5-10% of
EOAD families. Identification of mutations has not only
provided important insights into molecular mechanisms
and pathways involved in AD pathogenesis but has also
led to the identification of druggable targets (Van Cauwen-
berghe et al. 2016). In contrast, no mutations in these genes
have been identified in the sporadic late onset AD (LOAD)
cases. Environmental attributes have been notably elusive
and genetic component, even if small, is probably complex
and heterogencous.

APOE (19q13.32) is well-documented and strongly
associated risk conferring gene with AD. The presence
of APOE immunoreactivity in AB amyloid deposits and
neurofibrillary tangles linked 4POE to AD pathology
for the first time (Namba er al 1991; Wisniewski and
Frangione 1992). APOE encodes a glycoprotein involved
in catabolism of triglyceride-rich lipoproteins, transport
of cholesterol and other lipids, and also in neuronal
growth, repair response to tissue injury, nerve regen-
eration, immune regulation and activation of lipolytic
enzymes. APOE contains three major alleles, €2, €3 and
e4 with varying frequencies across different ethnic groups.
For example, it is 0.07 for APOE €2, 0.78 for APOE €3
and 0.15 for APOE €4 in Americans of European descent
(Saunders et al. 1993) versus 0.04% for APOE €2, 0.89%
for APOE €3 and 0.07% for APOE €4 in a north Indian
cohort (Thelma et al. 2001). APOE2 (Cys112 and Cys158),
APOE3 (Cys112 and Argl58) and APOE4 (Argl12 and
Argl58) isoforms differ in the total charge present on
the respective proteins and their structure which leads to
altered binding to both cellular receptors and lipopro-
tein particles, and possibly changing the stability and rate
of production and clearance. APOE binds to Af and
effectuates the clearance of soluble AB and AP aggre-
gations, and APOFE &4 is thought to be less efficient in
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mediating AP clearance and deposition, ultimately
contributing to plaque formation (Strittmatter ez al. 1993).
APOE €4 which increases the risk of developing AD in
familial and sporadic EOAD and LOAD (with one allele
imparting a threefold increase in risk and two alleles a
12 fold increase), is also associated with an earlier age
of onset of AD and reported to contribute to ~50%
of sporadic AD (Strittmatter et al. 1993). On the other
hand, APOE €2 decreases the risk of developing AD and
also delays the age of onset. Human APOE isoforms
have been shown to cause isoform dependent decreases
(APOE2>APOE3>APOE4) in neuritic plaque load and
delayed time of onset of AB deposition in several mouse
models of AD (Holtzman ez al. 1999, 2000). Collectively,
these studies indicate that APOE is a major causative or
contributing factor for AD pathogenesis. Also studies have
shown that T-tau and P-tau levels are increased in both
brains and CSF of patients with AD which indicate the
role of tau protein in AD pathology. A total of 107 muta-
tions in MAPT (Tau) has been reported in LOAD as of
today (http://www.alzforum.org/mutations).

In addition to APOFE and MAPT as major susceptibil-
ity genes, >20 risk genes/loci for AD have been reported,
mostly based on GWASs performed on cohorts of Cau-
casian ancestry in the last decade. Of note, APOE locus
has been the most consistently associated across popu-
lation groups of which all but three were case—control
analysis (table 1). With limited insights from these stud-
ies, similar to most of the other studies in complex traits,
emphasis shifted from common disease common vari-
ant (CDCV) to common disease rare variant (CDRV)
hypothesis, the latter facilitated by the emergence of next-
generation sequencing (NGS) technologies. Rare variants
are expected to have larger size effect than GWAS loci,
are easier to characterize functionally and to develop
cellular and animal models of disease. Rare variants
thus identified in sporadic AD patients by whole exome
sequencing (WES) are seen in favourite candidate genes,
namely APOE and APP as well as in five other genes
of biological relevance (table 2). However, only 4POE,
APP and SORLI are identified in GWAS. Meta-analysis
of GWAS:s, identified genes that are mostly involved in
endosomal vesicle cycling, immune response and cytoskele-
tal functions. Importantly, several of them are also involved
in AP clearance or tau mediated toxicity (Van Cauwen-
berghe et al 2016). Taken together, all these findings
are still insufficient to explain the complete pathological
spectrum of disease, facilitate effective disease risk predic-
tion/prevention thus encouraging continuing efforts.

Parkinson’s disease
The second most common neurodegenerative disorder is

PD, which results from specific loss of dopaminergic neu-
rons in the substantial nigra pars compacta in midbrain

Table 2. Shows rare variants in genes identified in AD using NGS technology.
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0.003

8050/ 98,194
4998/6356
3550/8888

Chinese

UNC5C
PLD3

Cruchaga et al. (2013)
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(Fearnley and Lees 1991) leading to dopamine deficiency.
Intraneuronal protein aggregates largely comprised of a-
synuclein and commonly referred to as Lewy bodies are
the pathological signature of PD (Vekrellis et al. 2004).
The symptoms generally appears slowly over time. Early
in the disease, the most obvious are tremors, rigidity,
slowness of movement, and difficulty with walking.
Dementia becomes common in the advanced stages of
the disease. Depression and anxiety are also common
in patients with PD. Other nonmotor symptoms include
sensory, sleep and emotional problems. The diagnosis is
made using UK brain bank criteria (Hughes et al. 1992)
and clinical assessment is done using Movement Dis-
order Society Unified Parkinson’s Disease Rating Scale
(MDS-UPDRS). Exclusion criteria for PD is elaborate
and includes history of repeated strokes with stepwise
progression of Parkinsonian features, history of repeated
head injury, history of definite encephalitis, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) exposure, neg-
ative response to large doses of levodopa, supranuclear
gaze palsy and presence of a cerebral tumour. Assess-
ment of the extent of neuronal damage is done by
neuroimaging techniques including PET, single-photon
emission CT (SPECT) and novel MRI techniques. Unfor-
tunately, there is no cure for PD and only symptomatic
relief is generally achieved by levodopa-based therapies.
Motor features which are initially manageable with these
therapies worsen with disease progression together with
emergence of complications including motor and non-
motor fluctuations, dyskinesia, and psychosis (Hely et al.
1999; Pandey and Srivanitchapoom 2017). Surgery involv-
ing placement of microelectrodes for deep brain stim-
ulation has been used to reduce motor symptoms in
severe cases where drugs are ineffective (Martinez-Ramirez
et al. 2015), but its precise mechanism is unknown
(Pandey and Sarma 2015). PD is largely an age depen-
dent disability with a global prevalence of ~1% in pop-
ulation >65 years of age and 4-5% at or after 85
years of age (Twelves et al 2003; Savica et al. 2016)
with approximately double the number of males affected
(Van Den Eeden et al. 2003). Most PD cases are sporadicin
occurrence but ~10% of PD cases also exist as Mendelian
forms. A small proportion of cases develop PD before the
age of 40 years and thus are grouped under EOPD (Van
Den Eeden et al. 2003) and another smaller category is
comprised of juvenile PD with disease onset at <20 years
of age. The prevalence of these two categories varies across
ethnic groups (Pringsheim et al. 2014).

Genetic risk factors

As mentioned above, majority of PD cases are spo-
radic and early evidence of MPTP damaging the nigros-
triatal dopaminergic neurons through glial activation
were suggestive of a significant environmental attribute

(Watanabe er al 2005). Twin studies in an American
cohort showing a concordance of 15.5% in monozy-
gotic twins compared to 11.1% in dizygotic twins sub-
stantiated a genetic component as well (Tanner et al
1999) and this was more or less replicated in a Swedish
study (Wirdefeldt er al. 2011). As a consequence of the
prolonged lifespan of neurons, it is believed that com-
plex gene—environment interactions generate stress and
ultimately results in cell death (Gu er al. 2005). But
as in all the other common complex traits, elucidat-
ing the genetic contribution to complex forms of PD
aetiology has been exigent. To start with, their genetic
analysis was limited to a few candidate gene based asso-
ciation studies. Genes from the dopaminergic pathway
and those coding for phases 1 and 2 drug metabolising
enzymes were the obvious choice based on pharma-
cological evidence from successful levodopa treatment
and the classical MPTP induced animal model of PD
suggesting the role of environmental toxicants (Kopin
et al. 1986). However, most of these observed asso-
ciations were not replicated across studies and ethnic
groups, and were far from being of any predictive value.
On the other hand, genetic analysis of large PD kin-
dred and smaller independent PD families using classical
and contemporary approaches of linkage analysis and
NGS respectively, have identified >18 PARK genes/loci
namely SNCA, PARKIN, SPR, UCHLI, PINKI, DJ-1,
LRRK2, ATP1342, GIGYF2, HTRA2, PLA2G6, FBXO?7,
ADORAI, VPS35, EIF4Gl, DNAJCI3, CHCHD?2,
TMEM230, VPSI3C, PTRHDI, PODXL and RIC3 with
the last two genes discovered recently in our labora-
tory (Sudhaman et al 2016a,b). These PARK genes
identified to date have provided significant insights into
cellular and molecular pathways involved in PD aeti-
ology thus providing likely leads for identification of
novel drug targets/improved therapeutics. Collectively
these findings implicate aberrant protein folding, protein
degradation, neuro-inflammation, neuro-developmental
defects and mitochondrial homeostasis with the involve-
ment of oxidative stress for disease pathology. At this
time, it is relevant to note that although recessive forms
of PD have a few clinical features that are distinct
from typical sporadic PD, such as early onset, severe
dystonia, stable cognition and early motor fluctuations
(Khan et al. 2005), they are indistinguishable at the patho-
logical level which may suggest the involvement of similar
pathways malfunctioning and leading to disease progres-
sion. In fact, it was this knowledge that encouraged the
extension of association studies of Mendelian genes such
as SNCA, LRRK2, PARKIN and PINKI etc. with spo-
radic PD cases (Oliveira et al. 2003; Groen et al. 2004;
Mellick et al. 2005; Paisan-Ruiz et al. 2005). This marked
the beginning of the marginal progress that has been wit-
nessed in genetics of complex forms of PD, with significant
associations of common SNPs in these four genes being
consistently replicated across studies (Lesage and Brice
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2012). This however, could not explain total disease her-
itability. It was only then that the GWAS approach was
employed to revisit sporadic complex forms of PD to
identify genomewide susceptibility genes/loci. More than
33 GWAS, mostly in Caucasian populations have been
conducted to date. These studies have unravelled signif-
icantly associated common variants in >24 independent
genes/loci and recent meta-analyses have revealed a few
additional genes, namely SIPAIL2, INPP5F, MIR4697,
GCHI, VPSI3C, DDRGKI, ITPKB, SCN3A, SATBI,
ILIR2 etc. (Nalls et al. 2014; Chang et al. 2017) as shown
in table 3. However, it is notable that associations have
been consistently replicated at only four of these genes,
namely GBA, SNCA, MAPT and LRKK? in indepen-
dent case—control (Trotta et al 2012; Mao et al. 2013;
Campélo et al. 2017) and genomewide association stud-
ies (GWAS) (Nalls et al. 2014). It may be relevant here
to briefly describe the most consistently replicated link-
age and/or GWAS based genes which may lend support
to the true contribution of these genes to complex PD
forms.

Mutations in a-synuclein (SNCA) and leucine-rich
repeat kinase 2 (LRRK?) cause familial autosomal dom-
inant forms of the disease. SNCA is the first PD gene
identified by linkage studies (Polymeropoulos et al. 1997)
but mutations/single-nucleotide variants and copy number
variations in this gene contribute a very minor propor-
tion to familial PD cases (Petrucci et al. 2016) compared
to their robust association with sporadic cases. A dinu-
cleotide repeat polymorphism in the promoter of SNCA,
which increases its expression in vitro has been shown to
be associated with increased PD risk (Maraganore et al.
2006). A strong association between specific haplotypes
in the SNCA locus and sporadic PD has been demon-
strated (Chai and Lim 2013). Even a common variant
(rs356168) in the SNCA 3’ UTR is reported to be asso-
ciated with increased PD risk by increasing the translation
and accumulation SNCA protein (Toffoli et al. 2017).
Both these types of variants essentially result in the aggre-
gation of the a-synuclein protein leading to formation
of Lewy bodies and presumably lead to dopaminergic
neuronal cell death. On the other hand, mutations in
LRRK?2 coding for a kinase are the most common cause of
sporadic PD, with a mutation frequency ranging from 2
to 40% in different populations (Klein and Westenberger
2012). More than 100 LRRK2 mutations have been so
far described in PD families and sporadic cases (Li et al.
2014). PARKIN (Shimizu et al. 1998) and PINKI (Valente
et al. 2004) were identified in autosomal recessive PD fam-
ilies. Unlike familial cases, mutations reported in sporadic
forms of PD are heterozygous and several lines of evidence
suggest that these mutations are indeed susceptibility fac-
tors for PD (Khan ez al. 2005; Eggers et al. 2010). PARKIN
is an ubiquitin E3 ligase and is involved in mitochon-
drial maintenance, mitochondrial cytochrome c release,
and autophagy of dysfunctional mitochondria (Pickrell
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and Youle 2015). PINKI1 is a kinase that provides pro-
tection against mitochondrial dysfunction and regulates
mitochondrial morphology via fission/fusion machinery
and helps in autophagy (Pickrell and Youle 2015). Glu-
cocerebrosidase (GBA) is another most common known
genetic risk factor for sporadic PD (Ran er al 2016).
Interestingly, a few Gaucher disease (GD) patients also
develop Parkinsonism (Neudorfer ez al. 1996). Mutations
in GBA are linked to GD where deficiency of the enzyme
glucocerebrosidase causes lysosomal storage disorder. In
Ashkenazi Jewish population with PD, 31.3% carried GBA
mutations compared with 6.2% in the control individu-
als (Aharon-Peretz et al. 2004) with Asn370Ser mutation
accounting for ~70% of the disease burden (Sidransky and
Lopez 2012). Another locus consistently associated with
sporadic PD is MAPT, where HI haplotype was shown
to confer risk of PD in three Caucasian populations from
Ireland, Norway and US (Skipper et al. 2004). Exon 1 of
MAPT harbours a gene SAITOHIN (STH), where in a
coding variant GIn7Arg (rs62063857) was shown to asso-
ciate with risk of progressive supranuclear palsy and PD,
and is in complete LD with the MAPT 238-bp intron
9 deletion that discriminates H1/H2 (Tobin et al. 2008).
Besides, pathways such as ubiquitin—proteasome system,
mitochondrial dysfunction, ROS mediated degeneration
etc. leading to neuronal toxicity and cell death identified
based on familial studies (described above), genes from
association studies have enabled identification of addi-
tional pathways in the pathogenesis of complex forms of
PD. These include immune system, autophagy/lysosomal
degradation, microtubule stabilization, axonal transport,
synaptic function and endocytosis. Yet genetic basis of
majority of cases in this category is unexplained indicating
that more genes/pathways remain to be identified.

ALS

ALS, commonly known as motor neuron disease is a pro-
gressive degenerative condition of the brain and spinal
cord. Motor neurons are grouped into upper populations
in the motor cortex and lower populations in the brain
stem and spinal cord, with lower motor neurons inner-
vating the muscles (Rowland and Shneider 2001). The
core pathological feature in ALS is motor neuron death
in the motor cortex and spinal cord, while in ALS with
frontotemporal dementia (~10-15% ALS cases), neuronal
degeneration is more widespread, occurring throughout
the frontal and temporal lobes. ALS and frontotemporal
dementia (FTD) are considered to be a part of spec-
trum. FTD patients are characteristically present with
behavioural and speech problems, and ALS patients are
present with alteration of voluntary movements caused by
degeneration of motor neurons (Guerreiro et al. 2015).
Loss of corticospinal motor neurons causes thinning and
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scarring (sclerosis) leading to muscle stiffness and spas-
ticity, while loss of neurons in brain stem and spinal
cord show electrical irritability and spontaneous mus-
cle twitching. With disease progression, there is thinning
of the ventral roots and they lose synaptic connectivity
to their target muscles leading to denervational atrophy
(amyotrophy) of the tongue, oropharynx and limb mus-
cles (Brown and Al-Chalabi 2017). Diaphragm muscles
are also affected, which generally leads to death due to
respiratory paralysis within 3 to 5 years of diagnosis (Shoe-
smith et al 2007). About one-third of ALS cases are
bulbar, having difficulty in chewing, speaking, or swallow-
ing. Cognition and behavioural changes are also observed
in >30% ALS patients (Hobson and McDermott 2016).
The diagnosis of ALS is primarily based on clinical exam-
ination using electromyography, MR1, blood/urine testing
and muscle biopsy to rule out other neurological disor-
ders which mimic ALS. Specific criteria for the diagnosis
of ALS is known as the El Escorial criteria which pro-
vides a structured tool to define the level of confidence
of a diagnosis in individual patients (Brooks et al. 2000).
This classifies patients to different degrees of diagnos-
tic certainty (definite, probable, probable with laboratory
confirmation and possible) according to the presence of
lower and upper motor neuron signs and their distribu-
tion in the four regions, i.e. bulbar, upper limb, thoracic
and lower limb. First line of treatment is based on riluzole,
a neuroprotective drug that blocks glutamatergic neuro-
transmission, which has been shown to improve mortality
rate by 23% and 15% at 6 and 12 months, respectively
(Traynor et al. 2003). In 2015, edaravone, an antioxi-
dant compound was approved in Japan for treatment of
ALS. On 5 May 2017, the FDA approved edaravone to
extend the survival period of people with ALS (Rothstein
2017). Arimoclomol is another promising compound,
which is a coinducer of heat shock protein expression
under conditions of cellular stress. The therapeutic poten-
tial of this drug is currently under phase II clinical trial
for ALS patients with SODI mutations (Kalmar ez al.
2014).

ALS with a prevalence of 3-5 per 100,000 is an age
dependent disorder with an increased incidence and higher
prevalence in older populations (Pasinelli and Brown
2006). Monozygotic twin concordance is estimated to be
between 60-80% suggesting a major genetic contribution
to disease aetiology (Al-Chalabi et al. 2010). About 90%
of ALS cases are sporadic with the rest being familial
and generally inherited as an autosomal dominant con-
dition (Byrne et al. 2011). Except in a few families with
younger age at onset, it is ~55 years in both these groups.
As in AD and PD, there is genetic heterogeneity in both
familial as well as sporadic ALS forms, but pathological
and clinical features are similar indicating involvement of
common cellular and molecular events leading to motor
neuron degeneration. Based on the genes known to date,
three processes namely (i) proteostasis and protein quality
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control; (i1) cytoskeletal dynamics; and (iii) RNA stabil-
ity, function and metabolism seem to be generally affected
(Weishaupt et al. 2016) which may provide leads for new
drug discoveries.

Genetic risk factors

A number of genes relevant to ALS pathogenesis iden-
tified recently explain ~70% of the familial cases and
~30% of sporadic cases. This is notably higher compared
to the heritability explained in PD and AD. Mutations
found in familial ALS are also reported in sporadic forms.
More than 50 genes including TARDBP, FUS and VPC
have been identified in ALS using approaches ranging
from conventional linkage analysis, candidate gene asso-
ciation/GWAS to recent NGS (Li and Wu 2016). Of these,
disease causal variants/risk alleles in a few genes such as
DCTNI, FIG4 and DAO have been limited to the study
families or populations respectively. SODI was the first
gene identified to be causal for ALS using linkage analy-
sis in affected families (Siddique ez al. 1991; Rosen et al.
1993), with mutations accounting for ~20% of familial
cases and also in ~2-4% of the sporadic cases (Chen ef al.
2013). Both sporadic and familial ALS cases with different
SODI mutations show variation in the phenotype, in the
age of onset, severity, rate of disease progression and dura-
tion of illness. For example: Asp90Ala mutation in exon
4 of SODI causes less severe form of the disease where
average survival years are >10 after diagnosis (Andersen
et al. 1996) whereas Ala4Val mutation in exon 1 has 91%
penetrance and patients with this mutation survive for <18
months after the diagnosis (Cudkowicz ez al. 1997). SOD1
is a ubiquitous cytosolic homodimeric protein, each sub-
unit containing copper and zinc ions in the active site,
its primary function being reduction of superoxide radi-
cal to H,O, (Fukai and Ushio-Fukai 2011). Studies have
led to widespread acceptance of the hypothesis that SOD1
mutants acquire a novel toxic property independent of
their enzymatic function (Redler and Dokholyan 2012).
Both sporadic and familial ALS cases have aggregation
of cytoplasmic proteins, prominently in motor neurons.
The hallmark proteins of the pathogenic inclusions are
SOD-1, TDP-43 or FUS. Almost all cases of ALS and tau-
negative FTD have abnormal TDP-43 protein, also known
as TDP-43 proteinopathy (Liscic 2017). The genetic find-
ings of ALS and FTD also support a common link, as
mutations in the same genes have been found in ALS,
FTD, or FTD/ALS patients. Mutations in the TANK-
binding kinase 1 gene (TBK1) has presented with features
of ALS and FTD worldwide, however additional neurolog-
ical features have also been described in TBK1 subjects. In
a recent publication progressive supranuclear palsy (PSP)
like phenotypes and progressive cerebellar syndromes in
TBKI subjects have been reported (Wilke et al. 2017).
C90rf72 1s another recently discovered gene in ALS linked
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to 9p chromosomal region. This gene is recognized as
the most common form of ALS and FTD, additionally
some patients may present with Parkinsonism, essen-
tial tremor and restless leg syndrome (Nuytemans et al.
2013b). Notably, an expansion of a hexa-nucleotide repeat
GGGGCC (2-23 repeats in healthy individuals) in the
noncoding region of this gene has been reported to be most
common cause of familial ALS explaining >30% cases and
>10% of the sporadic forms (Delesus-Hernandez et al.
2011; Majounie et al. 2012). The C9orf72 protein has
a role in nuclear and endosomal membrane trafficking
and autophagy. There is evidence that RNA foci con-
taining this repeat accumulate in the brains and spinal
cords of affected people, and this suggested a second
possible disease mechanism, involving toxic gain of func-
tion by repeat-containing RNA (Zu et al. 2013). Another
~5% of sporadic and ~3% of familial cases are caused
by mutations in the gene coding for TDP-43 (Beleza-
Meireles and Al-Chalabi 2009). In addition, modifiers
such as 27-33 CAG repeats in ATXN2, increasing the
risk of developing ALS (Daoud et al 2011) and vari-
ants in EPHA4 that reduce expression of the axonal
guidance improving the overall survival of ALS patients
have also been reported (Elden et al 2010; Van Hoecke
et al. 2012). Besides linkage based causal gene discover-
ies, there have been more than 14 GWASs carried out
on ALS, which have identified common variants asso-
ciated (table 4). Genes such as UNCI3A4 and CYorf72
are robustly replicated but many others including FGGY
and ITPR?2 have failed to show association in large cohorts
(Daoud et al. 2010). These findings from sporadic forms
have implicated regulation of chemotaxis and cellular
communication/differentiation, intracellular signal trans-
duction, oxidative stress and cytoskeleton organization
pathway in addition to validating the involvement of SOD1
and c9orf72 mediated protein/RNA toxicity reported ear-
lier in familial forms. Further, all common variants known
to date explain <30% of sporadic cases. However, since
most of these studies have been performed in European
populations there is scope for identification of addi-
tional risk loci using populations with different genome
architectures.

Huntington disease

Huntington disease (HD) is also a progressive neurode-
generative disease but unlike the sporadic complex forms
of AD, PD and ALS described above, it is the most
common monogenic condition in this group of disorders
and largely following an autosomal dominant mode of
inheritance. However, the variable age of disease onset
witnessed among HD patients implying a significant role
of modifier genes, warrants it to be considered under
complex disease forms. HD is clinically diagnosed by
assessment of motor dysfunction, cognitive impairment
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and neuropsychiatric features, with family history being a
major feature. Loss of self and spatial awareness, depres-
sion, dementia and anxiety which is devastating to both
patients and his or her family (Labbadia and Morimoto
2013) are associated features observed in HD patients. The
earliest symptoms are often subtle changes in mood or
mental abilities. Noncoordination and an unsteady gait
often follow. As the disease advances, uncoordinated, jerky
body movements also appears. Mental abilities generally
decline into dementia (Ross and Tabrizi 2011). Degen-
eration of medium spiny neurons of striatum and also
other regions of the brain such as cerebellar cortex, tha-
lamus and cerebellum results in the manifestation of the
characteristic disease symptoms (Bano ez al. 2011), which
are assessed by MRI or CT scans. Treatment to alter
the course of HD is unavailable. Tetrabenazine treatment
reduced chorea in a randomized controlled trial (Hunting-
ton Study Group 2006). Other drugs that help to reduce
chorea include neuroleptics and benzodiazepines. Com-
pounds such as amantadine or remacemide are still under
investigation but have shown preliminary positive results
(Mestre et al. 2009). Hypokinesia and rigidity, especially in
juvenile cases, can be treated with antiparkinsonian drugs,
and myoclonic hyperkinesia can be treated with valproic
acid. Genetic counselling is advised if there is a family
history of disease. HD has a global prevalence of 5-10
individuals per 100,000 (Roos 2010). The onset of disease
is in the prime of adult life, i.e. fourth and fifth decade
with disease duration of 15-20 years (Hardiman et al.
2016).

Genetic risk factors

Conventional restriction fragment length polymorphism
based analysis in a large Venezuelan family with HD estab-
lished its linkage at 4p16 (Gusella ez al. 1983). However,
it was only after the success stories of causal gene iden-
tification in Duchenne muscular dystrophy, cystic fibrosis
and trinucleotide repeat expansion disorder fragile-X syn-
drome that the pathological CAG repeats in HTT were
identified (MacDonald ef al. 2017). The repeat expansion
is a gain-of-function mutation leading to protein aggrega-
tion and toxicity by neuronal cell death in the striatum.
Impairment of proteostasis network leading to synaptic
dysfunction, mitochondrial toxicity and axonal transport
seem to be the underlying pathological mechanisms. One
of the strongest genetic risk factors associated with HD
is the length of the CAG trinucleotide repeats in exon 1
of HTT. Normal populations have 9-35 of these repeats
with median between 17 and 20, and >40 repeats lead to
definite disease manifestations (Andrew et al. 1993; Snell
et al. 1993). Repeats >60 results in juvenile Huntington’s
disease (JHD) with onset at <20 years of age accounting
for ~7% of all HD cases (Nance and Myers 2001). It is
the intermediate repeat lengths of 36-40 that have a lower



‘PIOQ UI UMOU[S 1B SAIpN3s sso1oe pajesrjdar sauan

‘(owoy/sem3Hn-oe 1qammm//:sd1yg) Sorere) SYAD WOoIj paje[[od Bleq

(L00T) v 12 YorwAyos

[IDAHA ‘1ASAS +992LES0IDOT
‘PIdAZ “9L6986.0ID0T-dSE-INNY

1LT/9LT 290°61S ueadong ‘ISFELESOIDOT-ESNOY SIN-TID0d
(L00T) v 12 Sq ueA (uoneordar) 906/9.8
% (K19A00SIP) 0SH/191 6 TIE ueadong QId LI
(uoneordar)
(L00T) 1 12 wruOI) uvadomy [2L/LEL
. 29 (K10A0081P) YSLIT 11T/1TT L16°L6Y ueadorny pue ysiiy 9ddd
(L007) v 12 uruorD) (uwoneardar) y0t/60¢
% (£19A0081P) 7€6/856 TTSL8T ueadoinyg 9ddd
(8007) v 12 $q ueA (uonyearidar) G611/0€01
% (K19A00SIP) 1TL/LEL IP6TIE ueadorng 2dIT ‘9ddd
ISIWEY VINDS VIVIWAS ‘9¥LANZ
(6007) 7P 12 S19pUE] (uoneordar) 956/8¢S "EDINNSD €dVAIN “TT4S ‘INXLY ‘[IV6EDTS
29 (A10A0051p) 86TT/1T81 LS€°88T ueadomy OLTVOrd ‘IdWHAA VIDSIN ‘IDSIA PNIND
- (6007) v 12 Sq ueA (uonearidar) 0y65/2EST
N 29 (A19A09SIP) €£106/£TET 89L°T6T ueadomy MNAT ‘106D ‘GTTITOW INAT VEIDN
)
5 (0107) 7v 12 BIIIAOSYRR] . . . )
g L6Y/SOY L91°81¢€ Ansooue ueadoinyg 1dOS  ‘TLf106D “GTTITON JINAI
< (0107) 7 12 AouUNYEYS ZONDY ‘qIHTOA
S L868/LS8Y SLY'LTT ueadomy - #XON "LS0L86L0IDO0T ‘TLI106D ‘dEITSHO
m (2107) v 12 93y (uoryeorydar) 196/€81
3 29 (A19A0051P) £$79/6£9 6LS°08T°1 ueadomy INZSIO ‘9¥.90S00ID0T
‘TANYD ‘TIYAXA TdATH ‘TIDH
GOIDAS ‘IAIDG ‘STAID “TIAOL ‘610170
DT ATdIddd ‘19SV FOVAH PANdD
ENXIN GISINV TLOND ‘SISO TAAAT
TCIVIAV VIALNWL AddLd TIADOHIV €TVDELS
(£102) v 12 noWYY VEIONND ‘SVINVT AdNAD “IDId ‘SISOVVIY
’ CLIS/EvTy SPIpST ueadoimy ‘TH106D PANID ‘THIANZ FTTLL ‘9SNLS
(€102) v 12 Sua(q (uonyearidar) £L21/90L
29 (A19A0081D) 6$81/90S €89°CLY osauly) ueH CIDD ‘INIGVD TSNS DINWVD
(b107) I 12 PISYOICT (uonreordal) 856£/9S0% IDANXL AdNID ‘TIDOWSN 9610V VI HA10S
. % (K10A00SIP) LTO'ET/LLEY 000°00%°T ueadomyg VEIDNN “TLH106D 9610V VI ‘TADNSN AT10S
0612LESOIDOT - LISSOSO0IDOT ‘SZdVEITdH
(9102) 77 12 Uy - L6TIYIN "98S69€S0ID0T- #8S69ES0ID0T
9LEIV6 0Th €€9 UBH osaueMmIe], XLdY NATV ‘9§89.6S0ID0T-E9£09010ID0T
(9107) v 12 usUdAYY URA [NIVS
SLY€T/LLS T 0%9°L69°8 ueadong VEIDNN ‘TLH106D ‘INEGL 1AADS dIOW “TH0[12D
0UIJY S[OI)U0J/SASBD) padAjoua3d sgNS Korumyg 100[/SAUD)

'SVMD Ul PAYNUapt STV © Ul 100]/53ua3 AN[1qndaosns Smoys *p JqeL,

638


https://www.ebi.ac.uk/gwas/home

Genetics of complex neurodegenerative disorders

disease predisposition and which may lead to incomplete
penetrance (McNeil et al. 1997). These repeat sequences
are prone to slippage during DNA replication resulting
in their expansion and this is witnessed more through
males and together with great variability in repeat lengths
(Wheeler et al. 2007). The age at onset and severity of the
disease are inversely correlated with the number of repeats.
Further, HD is also characterized by genetic anticipation
which means increased severity in disease and earlier age
at onset in subsequent generations. Unlike other classical
Mendelian disorders where a clear genotype—phenotype
correlation is observed in HD such a prediction of dis-
ease phenotype and age at onset is not possible despite
the presence of expanded CAG repeats. Two individu-
als with the same number of repeats in the pathological
range can have as many as 20 years of difference in age
of disease onset (Gusella and MacDonald 2009). Such a
striking variation is currently attributed to interaction of
additional genetic factors, i.e. modifier genes present in
the genome, which has been substantiated by evidence dis-
cussed below. CAG repeat expansion in H7'T is detected
in 99% of cases with typical HD. In the remaining 1%,
the disease has been linked to mutations in PRNP and
JPH3 causing HD-like disease 1 and 2 (Pihlstrom et al.
2017).

Since the discovery of pathogenic trinucleotide repeat
expansion mutation in H7'T and the observed clinical het-
erogeneity in HD, there have been a number of studies
which investigated the role of genes that modify the dis-
ease pathogenicity. The length of CAG repeat in an affected
individual was speculated to have a disease modifying
effect and therefore, earlier studies focussed on variants
at HTT locus itself that could alter the structure, func-
tion or expression of Huntingtin protein (Gusella et al
2014). A recent study conducted on 4068 HD individuals
however showed no significant impact. Interestingly, the
same group showed that individuals with (CAG),, expan-
sion in both chromosomes (although a very rare event)
have the age of disease onset consistent with the length
of longer allele of the two expanded CAG repeat alle-
les (Lee et al. 2012). The other variants present in HTT
haplotypes, like variable CCG repeats next to the CAG
repeat, a deletion polymorphism at codon 2642, a deletion
of one of the four consecutive GAG codons in exon 58,
untranslated sequence of the transcript, intron sequences,
and sequences flanking the centromeric and telomeric ends
of the gene were also investigated for their modifying effect
on age of disease onset but no correlation was observed
(Gusella and MacDonald 2009). This was followed by
the hypothesis testing approach where genes for estab-
lishing association were selected from transcriptome and
proteome data obtained from peripheral blood of HD
patients (Gusella and MacDonald 2009; Arning 2016).
The genes were first sequenced to identify variants, if any,
and then tested for association with age of onset. A num-
ber of replication studies using these variants have also
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been conducted lately in larger sample sizes and using
appropriate statistical tools but with negligible replica-
tion (Arning and Epplen 2012). In addition, a few other
candidate genes prioritized based on their role in energy
metabolism, neurotransmission, HTT protein interactions
and regulation of gene expression in the target tissue were
also assessed for their association but results were not
promising. These candidate gene-based association find-
ings are summarised in table 5.

These limited insights from early association studies
gave an impetus to perform the hypothesis free GWAS. A
combined analysis of two sequential GWASs (GWASI1+
GWAS?2) using 1951 HD mutation positive samples of
European ancestry collected at MaHDC (Massachusetts
HD Center Without Walls) identified SNP rs146353869
on chromosome 15 to be significantly associated (P =
4.36 x 10~ with the age of disease onset. Association
of this SNP was notably replicated in another GWAS on
an independent cohort of 2131 individuals (GWAS3) of
the same ancestry (P = 1.35 x 10~!2). Meta-analysis of
GWAST+GWAS2+GWAS3 detected an enhanced associ-
ation of the index SNP (P = 4.3 x 10~%) and interestingly,
the analysis also identified two more associated SNPs, one
on chromosome 15 (rs2140734; P = 7.1 x 10~!%) and
another on chromosome 8 (rs1037699; P = 2.7 x 107%).
Of note, of the two SNPs on chromosome 15 (not in LD),
rs146353869 seems to be the risk allele which acceler-
ated the age of disease onset by 6.1 years while rs2140734
delayed the onset by 1.4 years; and risk allele rs1037699
on chromosome 8 hastened the onset by 1.6 years (Lee
et al. 2015). In addition to the primary (CAG),, expansion
mediated neurodegeneration, the above detailed associa-
tion findings are informative, but the actual mechanism(s)
by which these modifiers influence the age of onset remains
unclear. The major limitations in unravelling the mod-
ifiers to explain reduced penetrance or variable age of
onset in HD could be clinical and genetic heterogene-
ity which current diagnostic/analytical tools have failed
to address, an idea which has also been proposed by a
few others (Genin et al. 2008). In depth analysis of the
GWAS findings to identify potential protein-coding vari-
ants in LD with the GWAS SNPs and rare variants if any,
in yet to be identified relevant genes may provide some
leads.

Limitations

A detailed account of the limited insights into disease
genetics, poor replication of association findings across
studies and populations, an overall inability to establish
genotype—phenotype correlations and/or predict risk in
the predominant group of complex, sporadic forms of
AD, PD, ALS and HD has been presented in the preced-
ing paragraphs. The contrast between these observations
and the powerful causal genes discoveries made in famil-
ial forms of the same pathologies is striking. Common
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Table 5. Shows candidate genes associated with HD.

Sumeet Kumar et al.

Gene Variant Known function Reference

ATG7 p-V471A (rs36117895) Autophagy Metzger et al. (2013)

NPY2R rs2234759 Neuroprotection and Kloster et al. (2014)
neuroinflammation

CNRI (AAT),, repeat Cannabinoid receptor Kloster et al. (2013)
signalling

0GGI p-S326C (rs1052133) DNA repair Coppede et al. (2010)

ADORA2A ¢.1976T>C (rs5751876) Neurotransmission Dhaenens et al. (2009)

PPARGCIA rs6821591 and rs7665116 Mitochondrial Weydt et al. (2009)
biogenesis and
respiration

HAPI p-T441M (rs4523977) HTT interaction Metzger et al. (2008)

MAP2K6 rs2521354 Stress response and Arning et al. (2008)
apoptosis

GRIN2B rs1806201 Neurotransmission Arning et al. (2007)

GRIN2A rs8057394 and rs2650427 Neurotransmission Arning et al. (2007)

UCHLI p-S18Y (rs5030732) Ubiquitination Metzger et al. (2006)

TP53 p-R72P (rs1042522) Apoptosis and Chattopadhyay et al. (2005)
cell-cycle control

GRIK? (TAA), repeat Neurotransmission Rubinsztein et al. (1997)

and rare variants identified by several GWASs and their
meta-analyses (Ramanan and Saykin 2013; Chang et al
2017), emerging WES data and the limited WGS studies
(Nicolas et al. 2016) have failed to explain total disease
heritability in the sporadic forms of these disorders. Fur-
ther, rare variants detected in these conditions such as PD
(Nuytemans et al. 2013a), AD (Bertram 2016) and ALS
(Morgan et al. 2015) are mostly private and confirming
their inherited nature (and not a de novo origin) is also
rather difficult due to the generally late age of onset of
these disorders. Another aspect to be noted is that all
these neurodegenerative diseases are tissue specific and
sporadic cases may have postzygotic de novo mutations in
the target tissue during early development leading to dis-
ease manifestation, which will never be detected in blood
DNA. A few reports showing such postzygotic brain spe-
cificmutations in brain disorders support such a possibility
(Beck et al. 2004; Riviére et al. 2012). Thus, a small per-
centage of disease may always remain unexplained. What
these big data obtained from GWASs and NGS imply is
then obvious. Even if only protein-coding variants and not
regulatory changes were to be considered as predominant
contributors to suboptimal functioning of the putative
causal gene(s), we would neither be able to catalogue
all the possible genomewide and tissue specific disease
causing variants (DCVs) nor would we be successful in
establishing replicable/reliable genotype—phenotype corre-
lations. To put it in perspective, can even whole genome
sequencing of blood DNA from sporadic forms of AD,
PD and ALS identify oligogenic/polygenic variants and
facilitate risk prediction and disease prevention? Would
we be able to identify all the modifiers and their inter-
actions to predict the clinical outcome of trinucleotide

expansion present in the pathological range in individ-
uals from HD families? Cohorts with differences in the
genetic background may also segregate independent mod-
ifiers and may show poor replication. Further, clinical and
genetic heterogeneity which characterize these diseases are
unlikely to be addressed by attempts to document common
susceptibility variants by increasing sample sizes from a
few thousands to hundreds of thousands for GWASs and
rare variants by advocating WGS. At best what the for-
mer could provide would be a few more risk conferring
genes and a few more putative contributory pathways,
if not already identified by WES based gene discover-
ies in familial forms. To reiterate, insights from GWAS
findings for understanding the disease pathology per se
have been negligible compared to those from findings in
familial forms. Several loci of minor effects have been
identified but very few of them have been functionally val-
idated. Most of these are in the intronic regions and do
not result in structural changes, but they may alter the
expression levels of the adjacent genes as shown by rare
study on functional validation of GWAS identified variant
in SNCA (Campélo et al. 2017). Therefore, a discov-
ery approach combined with their functional validation
using appropriate in vitro, cellular/animal models may be
rewarding.

With all these constraints, advanced computational and
systems biology approaches to analyse the big data are
emerging. How the study of molecular, cellular and brain
networks provides additional information on the effects
of late onset AD-associated genetic variants has been
discussed in a recent review highlighting the immune/
microglia module to be strongly associated with AD patho-
physiology (Gaiteri et al. 2016). At this juncture, it may
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be just important to follow these limited leads in hand
and possibly explore alternate paradigms for unravelling
the genetics of these complex neurodegenerative disor-
ders in this era of predictive, preventive, personalized
and participatory (P4) medicine. It is now evident that
clinical heterogeneity in complex disease forms is the pri-
mary obstacle for effective discovery genomics (but not
only limited to the four disorders under discussion in this
review but also relevant to almost all of the ~60% com-
mon complex disorders in humans). Developing a strategy
to address this concern and obtain homogeneous sam-
ple sets may be the most rewarding. One such emerging
strategy is ‘Ayurgenomics’—that is a combination of deep
phenotyping principles practised in Ayurveda (the Indian
traditional system of medicine) and contemporary genome
analysis tools (Thelma 2008; Mukerji and Bhavana 2011;
Juyal et al. 2012; Govindaraj et al. 2015; Prasher et al
2016), which may fulfil this need. In this approach, every
individual is categorized into one of the specific constitu-
tion (prakriti) groups of vata, pitta and kapha predominant
or mixed prakriti using the Ayurveda criteria. Further,
each of these prakriti groups are also documented for
their susceptibility to different common complex traits,
e.g. vata prakriti individuals are more prone to neuro-
logical disorders (Sharma 2003; Dey and Pahwa 2014).
Accordingly, it is hypothesized that applying Ayurveda
principles to predict prior risk/treatment outcome in
genetic association studies may explain much more dis-
ease variance and thus potentially open up more predictive
health, the major goal of P4 medicine. A few recent
studies have validated these principles using rheumatoid
arthritis (RA) as an example. An unpublished GWAS
from our lab identified (i) different sets of function-
ally relevant risk genes with impressive effect sizes in
each of the RA subgroups, and (ii) a very good correla-
tion between genetic findings and clinical knowledge of
Amavata (RA). Similar findings were also observed in a
previous study (Juyal ez al. 2012) suggesting that it may
indeed be a very promising approach to overcome the
current limitation of phenotypic heterogeneity in complex
traits.

Prospects

It is clear from the above discussion that advances in
discovery genomics and functional analysis of putative
determinants with translational potential for complex
forms of neurodegenerative diseases are negligible. Lev-
odopa administration in PD, cholinesterase inhibitors in
AD, tetrabenazine in HD and riluzole in ALS have been
the oldest pharmacotherapies. However, the efficacy of
these first lines of treatment have been limited. This may be
due to pharmacogenetic differences, drug noncompliance
or unknown causes contributing singly or in combina-
tion. In PD, mutations in PINKI and PARKIN cause
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neuronal death due to mitochondrial dysfunction. By
discovering the gene networks that orchestrate this pro-
cess, a transcription regulator A7TF4 has been singled out
which plays a central role in mitochondrial metabolism
and which may be used as a neuroprotector and may
emerge as a new therapeutic strategy (Sun et al 2013)
but such examples of genome based medicine/novel ther-
apeutics are rather few. Given that the central dogma in
medicine is diagnosis-prevention-cure-treatment, should
wisdom and solution be sought from alternate technolo-
gies/experimental advances?

One of the attempted alternate therapy has been replace-
ment of dead dopaminergic neurons with the stem cell-
derived neurons. Stem cell therapies have been attempted
over the last two decades holding promise for treatment
of neurodegenerative disorders, particularly PD and ALS.
First clinical trial for tissue replacement using autologous
adrenal medullary tissue (Backlund ez al. 1985) showed
significant clinical improvement. Subsequently, xenograft
of porcine mesencephalic tissue was also done in PD
patients but without much success (Fink ez al. 2000). In
another attempt, neural stem cells taken from cortical
and subcortical tissue were isolated and expanded and
injected into striatum resulting in improvement of clinical
phenotypes (Neuman et al. 2009). Bone marrow derived
stem cells have also been effectively used in clinical tri-
als of patients with neurodegeneration (Lee ez al. 2008)
In the next phase, foetal mesencephalic transplantation
was used successfully in three open label trials but did
not replicate in National Institute of Health double blind
trials (http://www.medicalnewstoday.com/articles/113908.
php). However, these approaches suffered from limita-
tions such as only a small number of embryonic stem
(ES) cells which can be obtained from each abortuse,
and thereby the need for more which in turn has associ-
ated problems of quality deterioration of already collected
neurons. Thus, of the four stem cell populations, namely
ES cells, neural stem cells, haematopoietic stem cells and
induced pluripotent stem cells (iPSCs) being explored for
clinical applications, iPSCs seem to be the most powerful
permitting multiple experimentations. With the remark-
able combination of iPSCs and genetic information, firstly
the possibility, to generate iPSCs using patient-derived
fibroblasts differentiated into neurons of choice depend-
ing on the neurodegenerative disease under consideration
and secondly, to correct the disease causing mutation in
a gene using clustered regularly interspaced short palin-
dromic repeats (CRISPR) and its associated protein Cas9
strategy (Hockemeyer and Jaenisch 2016), this technol-
ogy seems to emerge as the most potential therapeutic
intervention for a range of genetic disorders. From func-
tional characterization of genes of therapeutic relevance
using gene specific assays to hypothesis free approaches
(such as RNA sequencing or methylome sequencing etc.),
from gene/genetic variant editing to genome editing using
CRISPR/Cas9 in the same genetic background, and the
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possibility for screening of known or novel therapeutic
molecules facilitating personalized medicine are the added
advantages that iPSCs offer. The success story of iPSC-
derived cells being transplanted in a Japanese woman
in her 70s to treat her macular degeneration provided
a proof of concept of its use for humans (Cyranoski
2014). Recent reports of iPSC-based dopaminergic neu-
ron transplants in monkeys and sustained improvement
after two year of follow up (Callaway 2017); and the
first group of patients who received the transplant of
cells in phase 1 clinical trial (NCT02452723) launched
in March 2016 and results thereof further support the
potential application of iPSCs in clinical medicine. A
recent study showed the correction of the heterozygous
M YBPC3 mutation which causes hypertrophic cardiomy-
opathy in human preimplantation embryos using this
technology (Ma et al. 2017). Although a few challenges
similar to earlier transplantation attempts of stem cells
including infections, tumourigenesis, graft induced dyski-
nesia etc. have to be addressed completely, this therapeutic
option holds promise. Given that iPSC-CRISPR/Cas9
based therapy becomes a reality in the near future, whole
genome sequencing, identification of one or more rare
causal variants therein, patient derived iPSC generation
and gene/genome editing and repopulating the specific
brain regions with the corrected neurons may be expected
to provide the much needed effective therapeutic inter-
vention for the debilitating neurodegenerative disorders
and fulfil the dreams of personalized medicine. Even as
efforts in this direction are ongoing, the concept of mod-
erate sized stem cell banks where a quality checked set
of lines carrying different combinations of commonly
present HLA alleles is emerging (International stemcell
corporation, Australia). In this clinical strategy, only the
patient needs to be matched for immune compatibility
and the whole process of generating individual patient-
derived stem cells is not required. Simultaneously, pathway
information for the gene(s) which is identified as putative
causal in the patient would enable use of an already known
drug molecule, bringing it under the current engagement
with repurposed drug(s) which beats the need for new and
elaborate FDA approvals etc. Pathway knowledge would
also facilitate identification of novel druggable targets
therein and subsequent development of new lead mole-
cules, which would always be a preferred treatment option.
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