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Abstract

Background The ethnic diversity of India provides a unique opportunity to study the history of the origin of mutations of
genetic disorders. Spinocerebellar ataxia type 27B (SCA27B), a recently identified dominantly inherited cerebellar disorder
is caused by GAA-repeat expansions in intron 1 of Fibroblast Growth Factor 14 (FGF14). Predominantly reported in the
European population, we aimed to screen this mutation and study the founder haplotype of SCA27B in Indian ataxia patients.
Methods We have undertaken screening of GAA repeats in a large Indian cohort of ~ 1400 uncharacterised ataxia patients
and kindreds and long-read sequencing-based GAA repeat length assessment. High throughput genotyping-based haplotype
analysis was also performed. We utilized ~ 1000 Indian genomes to study the GAA at-risk expansion alleles.

Findings We report a high frequency of 1.83% (n=23) of SCA27B in the uncharacterized Indian ataxia cohort. We observed
several biallelic GAA expansion mutations (n=15) with younger disease onset. We observed a risk haplotype (AATCCGTG
G) flanking the FGF14-GAA locus over a 74 kb region in linkage disequilibrium. We further studied the frequency of this
risk haplotype across diverse geographical population groups. The highest prevalence of the risk haplotype was observed
in the European population (29.9%) followed by Indians (21.5%). The observed risk haplotype has existed through ~1100
generations (~22,000 years), assuming a correlated genealogy.

Interpretation This study provides valuable insights into SCA27B and its Upper Paleolithic origin in the Indian subcon-
tinent. The high occurrence of biallelic expansion is probably relevant to the endogamous nature of the Indian population.

Keywords SCA27B - FGF14 - GAA repeat expansion - Haplotype - Age of mutation
Introduction nystagmus, and slurred speech. Thus far, many genotypi-

cally distinct SCAs have been recognized with overlapping
Spinocerebellar ataxia (SCA) is a class of genetically het-  yet distinct phenotypes with varied age-at-onset. Most of

erogeneous, progressive, neurodegenerative disorders inher-  these SCAs are brought about by tandem repeat expansion
ited in an autosomal dominant fashion with clinical features in explicit loci (e.g., SCA1, SCA2, SCA3, and SCA6) while
of poor coordination and balance, cognitive impairment, others occur due to deleterious mutations. Yet in this SCA

heterogeneity with a prevalence of ~2.7 in 100,000 individ-
uals, an ample number of cases with ataxia-like phenotype
remain genetically undiagnosed. Only~10-30% of cases
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belongs to the fibroblast growth factor (FGF) family that
includes 22 proteins involved in regulating several physi-
ological processes in both developing and adult individuals.
During embryogenesis, FGFs play a crucial role in mito-
genesis, cell migration, differentiation, and morphogenesis
while in adults, they are involved in angiogenesis and tissue
repair. Several members of the FGF family have been previ-
ously established as the underlying cause of different human
disorders, namely, idiopathic hypogonadotropic hypogo-
nadism (FGFS), colorectal, endometrial and ovarian car-
cinoma (FGF9), SCA27 (FGF14), and Parkinson disease
(FGF20) [3]. The FGF14 gene is highly expressed in the
brain, especially in Purkinje cells where it regulates neuro-
nal excitability by interacting with voltage-gated channels.
Additionally, FGF14 contributes to synaptic plasticity and
neurogenesis in the hippocampus. Mutations or dysregula-
tion of the FGF14 gene are associated with conditions such
as epilepsy, ataxia, and cognitive impairment. Various mis-
sense [4], non-sense [5], deletion [6], and translocation [7]
mutations in FGF14 gene have been well-established as the
root cause of SCA27. The FGF14 gene demonstrates evi-
dent allelic heterogeneity, as different mutations within the
same gene give rise to distinct disorders, namely, SCA27
and SCA27B. SCA27 is characterized by early-onset symp-
toms resulting from a loss-of-function point mutation in
the FGF14 gene whereas SCA27B is a late-onset disorder
caused by repeat expansion, leading to haploinsufficiency.
In addition to the typical ataxia symptoms, SCA27 harbors
other noticeable phenotypes including widespread tremor,
orofacial dyskinesias, and psychiatric symptoms with a
high degree of severity [8, 9]. However, there have been
no documented cases of SCA27B with such severe phe-
notypes, and individuals with SCA27B commonly exhibit
the typical ataxia symptoms without this additional severe
manifestations. The identification of this pathogenic GAA
repeat expansion (GAA>250) in FGF14 causing SCA27B
has paved new opportunities to analyze the unsolved ataxia
cases altogether retrospectively.

In the last two decades in India, with persistent effort
and commitment, multiple scholars and research groups
have deciphered the prevalence of SCA in our population
as well as different ethnicities. Among the subtypes of SCA,
the most prevalent is SCA12 which is otherwise rare world-
wide. Other than that, SCA2 and SCA1 are the next most
common forms of SCA diagnosed in the Indian population
[10]. Previously, a study on 31 Indian index patients high-
lighted a notable prevalence (10%) of SCA27B in the Indian
cohort [11]. In this paper, we have studied the prevalence of
SCA27B over a large Indian cohort (n = 1402) to understand
the frequency of this newly identified disorder in the Indian
subcontinent.
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Methodology
Cohort enroliment and genomic DNA extraction

To assess the prevalence of SCA27B in the Indian popula-
tion, we enrolled a total of 1402 participants ranging in age
from 4 months to 83 years. Of these 1402 participants, 1256
participants were index patients manifesting consecutive
degenerative ataxia symptoms while 146 were kindreds.
These participants were selected primarily from the All
India Institute of Medical Science (AIIMS) in New Delhi,
along with other reputable tertiary referral centres across the
country, as part of the GOMED (Genomics and Other Omics
Tools for Enabling Medical Decision) program. Skilled
neurologists previously assessed the participants and they
underwent screening for the traditional ataxias prevalent
in the Indian population, specifically SCA1, SCA2, SCA3,
SCA6, SCA7, SCA12, and SCA17 and Friedreich ataxia
(FRDA) [10]. Notably, the participants recruited for this par-
ticular study on SCA27B had remained without a definitive
etiological diagnosis following the initial SCA screening. A
control cohort of 86 neurologically healthy individuals was
also recruited to understand the polymorphism in FGF14
GAA repeat number in the Indian population.

All individuals involved in this research study gave their
informed consent to participate, and ethical approval was
obtained from the Institutional Human Ethics Committee of
CSIR-IGIB. Genomic DNA was extracted from peripheral
venous blood samples using the salting-out technique [12].

Genomic Screening of the SCA27B repeat

To screen the enlisted cohort for FGF14-GAA repeat expan-
sion, the intronic repeat locus of FGFI4 was amplified
using primers flanking the GAA repeat region of FGFI14
gene. The fluorescently labelled polymerase chain reac-
tion (PCR) amplified product was evaluated for the num-
ber of repeat units by capillary electrophoresis on Genetic
Analyzer 3500 Dx (Applied Biosystems, Thermo Fishers
Scientific), and size estimation was done using GeneMap-
per V.6.0. PCR amplified products demonstrating only one
visible allele peak or allelic peaks>550 bp in the capil-
lary electrophoresis-derived electropherogram were further
screened to ascertain repeat expansion through repeat-
primed PCR. The samples demonstrating a repeat expan-
sion in repeat-primed PCR were further evaluated for the
number of repeating units through long-range PCR and
estimated manually through 1% agarose gel electrophore-
sis. GAA repeat expansion >250 repeat units was consid-
ered as the pathogenic threshold [11]. The repeat motif at
the short tandem repeat (STR) locus of patient samples pre-
senting large amplification products beyond the pathogenic
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threshold was investigated through targeted long-read nano-
pore sequencing.

Amplicon-based long-read nanopore sequencing of
GAA-FGF14locus

We processed 24 samples, comprising 21 SCA27B posi-
tive samples and 3 exhibiting an interrupted RP-PCR saw-
tooth profile. The Oxford Nanopore Technology (ONT)
library preparation followed an in-house protocol consistent
with prior experiments [13]. Around 500 ng of the purified
final libraries were loaded onto an ONT-MinION flow cell
(R9.4.1) and sequenced on an ONT-MinlON Mk1C device
for a duration of around 20 h.

Following the conventional alignment of nanopore reads
using Minimap2 [14] to reference region (GRCh37), bam
files and raw intensity data (Fast5 files) were processed
through STRique [15], a tool designed to quantify Short
Tandem Repeats by localisation of repeat boundaries and
hidden-Markov-based repeat counting. STRique output was
filtered with custom parameters (suffix and prefix>=4) to
retain reads upstream and downstream primer sequences.
Further, we applied a Gaussian Mixture Model (GMM)
from the R Bioconductor package, Mclust [16], to sepa-
rate reads based on the length of the repeat. This approach
facilitates the identification of repeat lengths within each
cluster, offering a more refined understanding of the STR
landscape in each allele. To obtain the number of repeats in
each allele for every sample, the following parameters were
taken into consideration: (i) the total number of reads clus-
tering together with preference to clusters with the highest
number of reads; (ii) the frequency of the mode repeat in the
cluster; (iii) the mode repeat of each cluster with relevance
to LR-PCR data.

The consensus sequences were generated to study and
validate: (i) all the SCA27B-positive samples carrying
one or more expanded alleles are comprised of pure GAA-
repeats; (ii) scan for possible interrupting motifs in samples
with an interrupted profile in RP-PCR. The reads were then
extracted from the selected clusters based on +20 repeats
flanking the mode repeat sequence in fasta format to cre-
ate a consensus fasta for each allele using Alfred [17] and
checked for interruptions in repeats using Tandem Repeat
Finder [18].

Repeat genotyping from an Indian genome dataset

To profile repeats in the Indian control population, we used
ExpansionHunter [19], a sequence-graph-based tool for
analyzing genome-wide STR profiling. We extracted repeat
numbers from the IndiGen [20] dataset (7 =1014 samples),
a consortium of 1000 Indian genomes, targeting the FGF14

repeat loci (hg38:chr13:102161575-102161726) which
were further used in the haplotype analysis.

Haplotyping and Linkage Disequilibrium (LD)
analysis

All the SCA27B positive samples (n=23) were further
genotyped using the Infinium Global Screening BeadChip
Array-24 v3.0 (catalogue: 20031595) as per the manufac-
turer’s protocol. We analysed the data using GenomeStudio
v2.1 to process the idat files.

We applied a Gentrain Score>=0.7 and a cluster sepa-
ration score >=0.3 to filter out the bad-quality SNPs. All
the samples passed the threshold of call rate >=0.95. For
downstream PLINK [21] processing, ~61,000 SNPs were
taken from 23 samples. We filtered 41 SNPs with a Minor
allele frequency (MAF)>=0.05 from 200 kb upstream
and downstream spanning the repeat region from the cases.
We also extracted the same 41 SNPs from IndiGen using
PLINK v1.9.With PHASE v2.1.1 [22], we used 100 itera-
tions, 10 thinning intervals, and 100 burn-in iterations to
calculate the Haplotype. We used the same cut-off values
on PHASE to calculate from different populations available
in the 1000 genome data for the same number of SNPs to
check the frequency of the haplotypes in different world
populations. We further used Pop-ART v1.7.2 [23] to visu-
alise the distribution and differences in the various haplo-
types across diverse population groups like Indian and 1000
genome populations i.e., African, American, South-Asian,
East-Asian, and European.

To calculate the LD in IndiGen and 1000 genome popula-
tion data, we used Haploview 4.1 [24], a software designed
to visualize and analyse patterns of LD in genomic data.

Haplotype dating

The age of the mutation was determined using a published
Haplotype dating method [25] and a website developed in
the Bahlo Lab [https://shiny.wehi.edu.au/rafehi.h/mutation-
dating/]. This method estimates the age of a genetic mutation
based on the genetic length of ancestral haplotypes shared
between individuals carrying the mutation. This approach
provides the age of mutation and confidence intervals inde-
pendent of the asymptotic theory and can be applied to
genealogies with independent or correlated data.

Statistical analysis
In the genetically uncharacterized cases, the pre-mutable
(large) normal allele cut-off was designated by taking obser-

vations under the two degrees of standard deviation (5%)
from the mean of repeat lengths.
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Results
Genotyping FGF14-GAA locus

We have studied the occurrence of SCA27B in a large Indian
cohort of 1402 (1256 genetically unsolved ataxia patients;
146 kindreds) individuals with a mean age of 41+18.4
years. Among the 1402 participants, 67% (n=939) were
male while the remaining 33% (n=463) were female.
Initial screening of all 1402 samples by amplifying the
GAA-repeat locus revealed the heterogeneity in the repeat
lengths. 323 samples showing no or one allelic peak in the
electropherogram underwent repeat-primed (RP) PCR. 75
samples demonstrating a saw-tooth electropherogram pro-
file in RP-PCR underwent long-range (LR) PCR to deter-
mine the approximate length of the allele carrying the
expanded repeating unit. The samples with repeats>250
repeating units were processed for long-read nanopore
sequencing. The data obtained from STRique followed
a bimodal distribution pattern for each sample with two
distinct clusters of reads. Hence, we adopted GMM for a
better understanding of the STR landscape for each allele
across every sample. We obtained multiple clusters for each

Fig. 1 1 FGF14-GAA repeat
distribution across cohort catego-
ries. The jitter-box plot shows the
repeat distribution in each allele 600
of every sample in the cohort.
The three categories along the
X-axis, namely, Control, Unchar-
acterised patients (unsolved SCA
cases), and SCA27B (SCA27B
positive cases) have been further
subdivided based on alleles.
Allele 1 (Al) and Allele (A2)
have been given separate colours

as mentioned in the figure " 400
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sample following an unsupervised approach using MClust,
R Bioconductor package. With this approach, we were able
to obtain the allelic repeat data for 21 out of 24 samples
processed in Nanopore (Fig. 1). The remaining 3 samples
had low read count and read quality post-sequencing and
STRique analysis. In comparison to long-read sequencing
analysis, the repeat numbers calculated manually from LR-
PCR had a standard deviation of + 10 repeats for each allele
across samples.

In this paper, we report a notable frequency of 1.83%
(n=23/1256) for GAA repeat expansion in intron 1 of
FGF14 gene corresponding to SCA27B. These individu-
als had repeat expansion in at least one allele beyond the
pathogenic range of 250 GAA repeats extending from
262 to 645 repeats (mean GAA repeats: 338+81). 21.7%
(n=5) of the SCA27B patients had a biallelic expansion
while 8.6% (n =2) of the patients had a homozygous repeat
expansion. The heterogeneity at this locus was marked by
successive repeating units from 6 to 645 with mode repeats
as 10 repeating units. In the remaining genetically uncharac-
terized cases, the repeats varied between 6 and 245 repeats
(mean GAA repeats: 24 +28). The pre-mutable (large) nor-
mal allele ranges between 80 and 250 as per the two degrees

ALLELE

A1
= A2

Uncharacterized patients SCA27B Positive

Category
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of standard deviations (5%) method. The estimated FGF4-
GAA repeating units from our entire cohort with 2804 alleles
reveal that 94.4% (n=2648) were normal alleles (<80
repeating units), 4.6% (n = 128) were large normal/interme-
diate alleles (80250 repeating units), and 1% (n =28) were
expanded alleles (>250 repeating units). The premutable
normal allele range among various SCAs obtained from a
previous study from our lab [10] was compared to that of
SCA27B and has been provided in Supplementary Table 1.
Among the samples with an interrupted RP-PCR profile,
one demonstrated a prominent (GAAGCA),, hexanucleo-
tide repeat expansion associated with the interruptive pro-
file. The remaining two samples had low read counts, hence,
the interruptive motif could not be determined.

We conducted a study on the variation in the intronic
GAA repeat locus of the FGF'14 gene in a group of 86 neu-
rologically healthy individuals serving as controls. These
individuals varied in age between 1 year to 66 years (mean:
22+ 19 years) and 59.3% (n=51) were male while the
remaining 40.7% (n = 35) were female. We further estimated
the FGF14-GAA repeating unit from the Indigen dataset
of 1014 samples. The estimated FGFI14-GAA repeating
units varied between 6 and 223 repeating units (mean GAA
repeats: 26 +29) with a mode repeat of 10 repeating units.
The entire control cohort with 2200 alleles reveals that 92%
(n=2024) were normal alleles (< 80 repeating units) while
8% (n=176) were large normal/intermediate alleles (80—
250 repeating units). The entire allelic distribution across
each cohort is depicted in Fig. 2.

Fig. 2 Distribution of repeats in all the

Clinical hallmarks of SCA27B patients

The clinical data revealed that the patients identified posi-
tive for SCA27B GAA repeat expansion varied in age from
17 to 79 years (mean=51.2 + 16.6 years). The frequency of
occurrence of the disease in males and females is 82.6%
(n=19) and 17.3% (n =4), respectively.

We obtained deeper insights into the clinical data of
15 out of 23 positive patient samples with varying age-at-
onset between 14 and 71 years (mean=150.2 + 17.22 years).
Among these, 80% (n=12) individuals reported a negative
family history indicating a de novo expansion while 20%
(n=3) individuals reported a relevant family history in one
of the parents indicating the autosomal dominant nature of
the disorder. The brain MRI of these individuals revealed
diffused cerebral and cerebellar atrophy. A steady disease
progression was observed in these individuals with a mean
disease duration of 3.5+ 2.4 years. The most common clini-
cal features observed in these individuals included abnor-
mal gait, cerebellar dysarthria, nystagmus, oculomotor
apraxia i.e., broken ocular pursuits, and slow saccades. Few
individuals reported pyramidal and extrapyramidal features.
Two of the individuals reported autonomic dysfunctions
such as urine incontinence and dysphagia.

Linkage Disequilibrium at the SCA27B locus

We studied LD localizing the GAA repeat motif of FGF14
gene across diverse geographical populations utilizing
data from the 1000 Genomes Consortium and the IndiGen

Repeat length
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Table 1 Repeat distribution in SAMPLE ID  Estimated from LR-PCR and gel Estimated through long-read sequencing and

S(;AZ7B positive samples deter- electrophoresis STRique

glrlrf:;‘; g‘yr‘;‘;ig_%ifiﬁufi o Allele 1 Allele 2 Allele | Allele 2
592 352 352
755 10 442 11 428
861 10 278 10 290
913 10 352 13 348
993 11 345 11 338
2048 262 398 267 404
3299 17 295 18 309
3320 11 278 11 295
3400 10 445
3522 278 378 316 335
4494 78 262 75 246
4680 145 378
5016 18 278
6258 70 312 85 336
6477 112 302 123 321
6681 9 378 8 347
6991 28 278 25 283
7362 262 645
8146 15 262 14 263
8432 15 312 18 321
8483 15 278 12 270
8506 138 295 137 311
9563 378 378 366 366

project. A total of 41 single nucleotide polymorphisms
(SNPs) flanking 200 kb upstream and downstream of the
repeat region were considered during haplotyping and LD
analysis. For each population, the mean D’ (D’ ,.,,), mean
LOD (LOD,,,,), mean r* value (r*.,,), and confidence
interval (CI) were calculated.

This analysis identified a prominent LD block encompass-
ing the region of interest with 9 SNPs spanning over 74 kb.
This LD block remains stable in South-Asian (D’ ,.,,=0.92;
LOD, .,,=45.5; 1°,..,=0.31; CI=0.83-0.95) and Indian
(D’ 1ean=0.86; LOD,.,,=80.4; 1% ..,=0.28; CI=0.79—
0.91) populations, while experiencing partial decay in
other populations. The length of the LD block varies across
groups, such as 67 kb in East-Asian (D’,.,,=0.85; LOD-
mean=42.7; 1%, can = 0.28; CI=10.73-0.92), 60 kb in American
(D’ ean=0.84; LOD,.,.=19.5; 1’ ..,=021; CI=0.63—
0.92), and 44 kb in African (D’,,,,=0.83; LOD,,.,,=17.7;
e =0.1; CI=0.55-0.9) populations. Notably, in the
European (D’,0n=0.73; LOD,02n=23.7; 1% can=0.25;
CI=0.56-0.83) population, the region of interest is almost
in linkage equilibrium, lacking a prominent LD block.

mean

Insights on the haplotype landscape of SCA27B
Out 0f 2060 alleles (IndiGen=2014, Patient=46), 28 alleles

had expansion over 250 repeats, 170 alleles lay in the inter-
mediate range of 80-250 while the remaining 1862 were
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normal repeat alleles. Following PHASE v2.1.1, 42 unique
haplotypes were perceived for this 74 kb stretch among
these 2060 alleles. In these 28 expanded alleles, strikingly,
75% (n=21) of the expanded allele shared a common hap-
lotype i.e., AATCCGTGG (Haplo-1), 17.9% (n=15) shared
another haplotype i.e., AGCCCGTGG (Haplo-2) while the
remaining 2 alleles had haplotypes AGTCCGTGG and AG
CCTGTGG respectively. Similarly, in the 170 alleles with
intermediate repeats, the most common haplotypes were the
same as that of expanded alleles i.e., Haplo-1 and Haplo-2
accounting for 77.1% (n=131) and 7.1% (n=12) of the
alleles respectively. In contrast, the most frequent haplo-
type in normal alleles was AGCCTGTGA (Haplo-7) acquit-
ting 24.1% (n=449) of the alleles which are otherwise
absent in expanded alleles or infrequent in intermediate
alleles (n=1). The most common haplotypes of expanded
and intermediate alleles i.e., Haplo-1 and Haplo-2 combi-
natorically accounted for only 16.2% (n=302) of the nor-
mal alleles. In conclusion, Haplo-1 and Haplo-2 conjointly
justify 92.9%, 84.1%, and 16.2% of the expanded, inter-
mediate, and normal alleles respectively. This analysis is
indicative that Haplo-1 may be a prominent risk haplotype
with its major prevalence in the intermediate and expanded
alleles. The association of the distinct haplotypes to various
allele groups was assessed using a chi-square statistic test,
yielding a value of 12.2682. The corresponding p-value is
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0.002168, indicating statistical significance at the threshold
of p<0.05.

In the diverse population groups, the European popula-
tion exhibits the highest prevalence of the risk haplotype
at 29.9%, followed by 21.1% in Indian populations, 19.5%
in South-Asian populations, 14.5% in African populations,
and 7.6% in American populations as shown in Fig. 3.

Origin of SCA27B repeat expansion mutation

We used the available SNP data from the patients to inves-
tigate the possibility of a ubiquitous haplotype underlying
the expansion through generations. The core haplotype
among the expanded and intermediate alleles is located
at hg38:chr13:102096576—-102171079 encompassing the
FGF14-repeat motif and is 74 kb in size. Assuming a cor-
related genealogy, the mutation arose 1104.5 generations
(CI-0.95: 680.2-1803.1) ago. Considering a 20-year genera-
tion span, the most recent common ancestor with this haplo-
type would have lived 22,100 years (CI-0.95: 13600-36060
13,600-36,060) ago. Considering a 25-year generation span,
the most recent common ancestor with this haplotype would
have lived 27,625 years (CI-0.95: 17,000-45,075) ago.

Fig.3 A LD distribution span- A)
ning the repeat locus in diverse

African

geographical populations. This

Discussion

Spinocerebellar ataxia is an autosomal dominant, progres-
sive, genotypically heterogeneous class of neurodegenera-
tive disorders. It presents abnormal gait and impairment
of other cerebellar functions corresponding to debilitating
effects on the individual. SCA27B is a late-onset, autosomal
dominant disorder with tandem triplet (GAA) repeat expan-
sion in intron 1 of FGF14 gene on chromosome 13 leading
to haploinsufficiency [2].

This study provides valuable insights into the precise
occurrence rate of SCA27B in a substantial cohort of ~ 1250
genetically uncharacterized ataxia patients relevant to the
Indian context. In a previously reported study involving
Indian index patients (n=31), the disorder was indicated
with a frequency of 10% [11]. However, this might be mis-
leading when considering the overall uncharacterized ataxia
cohort in which 1.83% accounts for this disorder. We identi-
fied 23 (82.6% male and 17.3% female) individuals with a
mean age-at-onset of 50.2 + 17.2 years with an expansion in
at least one allele beyond the pathogenic range of 250 GAA
repeat units. In the genetic spectrum of SCAs in the Indian
population, SCA27B emerges as a strong candidate locus as
its frequency is 1.83% which is higher than the previously

American

East-Asian

heatmap for individual popula-
tion groups (African, American,
South-Asian, East-Asian, Indian,
and European) was obtained
from Haploview 4.1 pointing
out the span of the LD block in
each population. The red arrow
marks the region of the FGF14
repeat locus. The rsIDs of each
SNP are marked along the

X-axis and the intensity of the
red colour denotes the D’ value
with a darker shade denoting D’
value closer to 1. B Haplotype
analysis of the 74.5kb LD region
among diverse geographical
population. This analysis shows

the distribution of 20 unique B)
haplotypes among different popu- P
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Table 2 Repeat size-based distribution of all the unique haplotypes across 2060 alleles at the FGF14-GAA locus

Nomenclature Unique haplotype GAA repeat range
GAA<80 80<GAA<250 GAA>250
Normal (n=1863) Intermediate (n=170) Expanded (n=28)
Haplo-1 AATCCGTGG 295 (15.8%) 131 (77.1%) 21 (75%)
Haplo-2 AGCCCGTGG 7 (0.4%) 12 (7.1%) 5(17.9%)
Haplo-3 AGTCCGTGG 54 (2.9%) 9(5.3%) 1 (3.6%)
Haplo-4 AGCCTGTGG 61 (3.3%) 7 (4.1%) 1 (3.6%)
Haplo-5 CGTCCGTGG 1(0.1%) 4 (2.4%)
Haplo-6 AACCCGTGG 2 (1.2%)
Haplo-7 AGCCTGTGA 449 (24.1%) 1 (0.6%)
Haplo-8 AGTCTGTGG 7 (0.4%) 1 (0.6%)
Haplo-9 AATCCGTAA 1 (0.6%)
Haplo-10 AGTCCGTGA 1 (0.6%)
Haplo-11 CGCTCGTGG 1 (0.6%)
Haplo-12 AGCCTGTAA 225 (12.1%)
Haplo-13 CGCTTACAA 207 (11.1%)
Haplo-14 AATCTGTGA 165 (8.9%)
Haplo-15 AGCTTACAA 150 (8.1%)
Haplo-16 AGTCTGTGA 104 (5.6%)
Others Haplotypes with frequency <=1% 137 (7.4%)

determined frequencies of SCA6 (0.1%), SCA 7 (0.5%), and
SCA 17 (0.1%) combined. Its frequency is close to that of
SCA3 (2%) and FRDA (2.2%) which are well-established
emerging ataxia disorders in India [10].

Amongst the SCA27B positive patients, 21.7% (n=5)
of the patients carry a biallelic expansion between 262 and
645 repeating units, and 8.7% (n =2) of the patients had a
homozygous repeat expansion. The notable occurrence of
extensive biallelic expansion in the Indian population is
unprecedented in comparison to other populations. This
trend could be attributed to the prevalence of consanguine-
ous marriages and endogamy. It is already well established
in other polyglutamine SCAs that the severity of the pheno-
type and the age of onset of a disorder tends to increase with
the size of the expansion [26]. In SCA27B, the age of onset
is weakly correlated to the repeat length but patients with
biallelic expansion may manifest an early onset (below 30
years of age) with or without severe disease phenotype [11,
27]. We had some intriguing observations in a similar vein.
Majority of individuals carrying a biallelic expansion exhib-
ited an earlier onset of symptoms. The biallelic expansion
may be linked to a change in the disorder’s nature, wherein
the haploinsufficiency is altered by a loss-of-function, ren-
dering it more pathogenic. Interestingly, a subset of patients
with the short allele repeats in the premutable range also
experienced an early onset of symptoms. This implies a
potential role of premutable normal alleles and raises the
prospect of the existence of associated genetic modifiers.

Among the positive patients with clinical data, 80% of
individuals indicated a de novo expansion while 20% of
individuals reported a relevant family history in one of the
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parents indicating the autosomal dominant nature of the dis-
order. This stochastic de novo manifestation of the disease
could be attributed to several factors. Firstly, the FGF14
repeat region is highly variable, ranging between 6 and
223 repeating units in the control cohort, which is in stark
contrast to other intronic repeat expansion disorders like
FRDA, repeats typically range between 5 and 33 repeating
units. This highlights the extreme instability of the FGF14
repeat region. Secondly, previous de novo occurrences of a
trinucleotide repeat expansion disorder have been ascribed
to “disease anticipation”. SCA27B shows considerable
intergenerational instability with maternal anticipation con-
cordance with other trinucleotide repeat expansion disorders
such as SCA3 [28], DRPLA [29], and DM1 [30]. Thirdly,
incomplete penetrance and phenotypic heterogeneity are
usual in autosomal dominant disorders like SCAs having a
very narrow range of intermediate repeats [31]. SCA27B,
in paradox, has an extensive intermediate repeat ranging
between 80 and 250 repeats, however, there’s no clear gap
between the pathogenic and non-pathogenic repeat thresh-
olds making it vulnerable to phenotypic heterogeneity and
incomplete penetrance over generations. In summary, the
de novo expression of the SCA27B phenotype is likely due
to the volatile nature of the FGF'14 repeat region, intergen-
erational instability, potential maternal anticipation, and
the complex inheritance patterns seen in similar genetic
disorders.

The intricate hereditary nature of the disorder led to
the investigation of the genomic landscape encompassing
the repeat locus. This study reveals a risk haplotype in LD
flanking the repeat expansion. The IndiGen dataset (~1000
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samples) helped us understand the prevalence of the risk
haplotype in normal alleles compared to that in expanded
and intermediate alleles. The high prevalence of Haplo-1 (A
ATCCGTGAQ ) in the expanded and intermediate allele high-
lights it as a prominent risk haplotype in the population.
This risk haplotype is in LD across a 74 kb LD block in the
Indian population. While the risk haplotype is in LD with
normal alleles at the corresponding repeat locus, it indicates
a multi-step evolutionary process. This process involves an
initial historical mutation giving rise to a large normal allele
(proto-mutation). Subsequently, this proto-mutation serves
as a reservoir, facilitating gradual expansions that ultimately
lead to the development of pathological alleles [26]. The
continuous distribution of repeats in SCA27B with no dis-
tinct gap between the pathogenic and the non-pathogenic
threshold may account for the gradual expansion of the
proto-mutant allele. Individuals with the risk haplotype in
their proto-mutant allele are at a higher risk of repeat insta-
bility during gametogenesis and passing an expanded allele
to their posterity.

We further studied the LD from in other populations stip-
ulating a similar 74 kb long stable LD block in the South-
Asian population while the other populations (East-Asian,
American, African) exemplified partial LD decay. How-
ever, the European population lacks a prominent LD region
revealing a state of equilibrium. The identified risk haplo-
type in this region is also highly prevalent in the European
population followed by Indian, South-Asian, and American
populations. This characteristic makes it more vulnerable
to recombination, repeat instability, and expansion. Many
of the cohort studies from the European population indicate
a high prevalence of the disorder in the population includ-
ing German (frequency: 8.7-18%) [2, 11], French Canadian
(59-61%) [11], French (17%) [32], Greek (12%) [33] and
Spanish (28%) [34] cohorts. On the other hand, South-
Asian and East-Asian populations have a lower prevalence
of the disorder as observed in our Indian cohort (frequency:
1.83%) and Japanese cohort (frequency: 1.2%) [35].

We further studied the age of the mutation in the Indian
subcontinent. We followed a correlated genealogy (“tree-
like genealogy”) approach as we expected the samples to
share a common ancestor earlier than the most recent com-
mon ancestor. Moreover, correlated genealogy helps calcu-
late the age of the mutation directly from the data rather
than any genealogy model giving genotype-based veritable
results. The model also avoids biases by removing any
excess sharing between samples with more recent common
ancestry than the entire cohort [25]. The study highlights
that the repeat expansion mutation is ~22,000 years (consid-
ering a 20-year generation gap) old suggesting that the most
recent common ancestor lived in the Upper Paleolithic age.
Considering India’s cultural and socio-economic history, a

20-year generation gap is suitable as early marriages were
more prevalent in India. The ancient origin of this muta-
tion even predates Indo-European divergence. Further, we
speculate that given the ancient origin of the disorder and its
high frequency of mutable GAA-alleles and at-risk haplo-
types, may contribute towards the increase in the occurrence
of SCA27B in the Indian subcontinent.

Conclusion

The novelty of this study stems from its substantial cohort
size, offering legitimate insights into the prevalence of
SCA27B in the Indian subcontinent. This study highlights
the necessity to screen the genetically unsolved ataxia cases
for SCA27B as its prevalence (1.83%) is relevant to that of
other emerging ataxia disorders in India. We also identified
a potential risk haplotype in linkage disequilibrium provid-
ing insights into historical recombination and genealogical
relationships among populations, contributing towards a
comprehensive understanding of the origin and evolution
of the disorder. Further investigations on the association
of the at-risk haplotype with the repeat expansion across
populations will shed light on the evolutionary trajectory of
SCA27B.

Limitations

We acknowledge that while our haplotype analysis replies
on SNPs, utilizing microsatellites in studies might yield
divergent findings.
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