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Abstract
Spinocerebellar ataxia type 10 (SCA10) is a repeat expansion disease occurring mostly in Latin America, suggesting that the
mutation spread with the peopling of the Americas, or that Amerindian populations, have a higher ATXN10 mutability. High
frequency of large normal alleles is associated with prevalence and relative frequency of other repeat expansion diseases. To test
whether the allele distribution of the SCA10-causing ATXN10microsatellite in an Amerindian Peruvian population differs from
that of other populations. The ATXN10 allele distribution in a Quechua Peruvian population from Puno, Peru, is similar to that of
Finland. Mean allele size and mode were also similar to those ofMexico, Japan, and white Europeans. ATXN10 allele distribution
in a healthy Amerindian population from Peru does not differ from that of other populations.

Keywords Amerindian . Quechua .ATXN10 . Spinocerebellar ataxia type 10 . Large normal allele

Introduction

Spinocerebellar ataxia type 10 is a neurodegenerative disease
with autosomal dominant inheritance caused by the abnormal
expansion of an (ATTCT)n microsatellite at the ATXN10 gene

(locus 22q13.31) [1, 2]. Normal alleles range between 9 and
32 repeats [2–4], and mutant alleles between 280 and 4500
repeats [2]. Incomplete penetrance is observed between 280
and 850 repeats [4–6]. The frequency of incomplete pene-
trance alleles is unknown since (ATTCT)n genotyping is per-
formed mostly by RP-PCR, an assay that is cost-effective but
uncapable of repeat-sizing [7].

SCA10 cases have been identified almost exclusively in
individuals with Native American ancestry [8–17] and are
probably absent in European lineages [18]. Only two
SCA10 cases without Native American ancestry have been
reported, a Chinese Han [19] and a Japanese [20]. Twenty-
seven self-declared mestizo SCA10 cases from 21 Peruvian
families have been described, making it the most common
SCA in Peru reported so far [16].

The limited geographic distribution of SCA10 cases is like-
ly explained by one of the two following hypotheses: (i) The
SCA10 expansion has occurred only once or (ii) the mutation
has occurred more than once but in individuals carrying a
predisposing genotype. Both hypotheses assume that either
an ancient mutation or predisposing alleles spread from
Beringia to the Americas during the last glaciation period.
Subsequent back migration to Asian continent might explain
the report of 2 SCA10 families fromChina and Japan [19, 20].

Frequency of large normal alleles has been proposed to be
associated with prevalence of other repeat expansion diseases
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(Table 1) [21–23]. Some spinocerebellar ataxias, such as
MJD/SCA3, SCA6, and DRPLA, show a relatively high prev-
alence in Japanese population, where large normal alleles are
found in high frequency. Conversely, Caucasian populations
show a comparatively low prevalence for these diseases and a
low frequency of large normal alleles [21]. Furthermore,
SCA1 and SCA2 show a low prevalence in Japanese com-
pared with Caucasian population, and a low frequency of large
normal alleles.

Extensive research on Huntington Disease (HD) has iden-
tified a plausible mechanism linking large normal alleles fre-
quency with disease prevalence. Populations with higher
prevalence of HD (caused by the expansion of a (CAG)n mi-
crosatellite on the HTT gene) show larger alleles on average
[22, 23]. Specifically, Western European and White Hispanic
populations show the highest HD prevalence worldwide as
well as the largest mean HTT allele sizes on healthy popula-
tion. Moreover, these populations also exhibit the greatest
frequency of large normal alleles and intermediate alleles in
control population, as compared with populations with low
HD prevalence, such as Black South Africans, Chinese,
Japanese, and Finnish populations [22]. Furthermore, there
is a high correlation between frequency of large normal alleles
and disease prevalence. In addition, instability of the HTT
microsatellite increases with allele size, even within non-
pathogenic range [24]. Altogether, these observations suggest
that the higher mutation rate of longer alleles increases the
disease risk in the overall population and explains the corre-
lation between frequency of large normal alleles and repeat-
expansion-disease prevalence [23].

The ATXN10 allele distribution has not been studied in
Native American populations. Most of the SCA10 cases have
some Amerindian ancestry; however, genetic factors that
might increase the ATXN10 mutation rate have not been ex-
plored, with most studies focusing on testing the unique-origin
hypothesis based on haplotype studies [17, 19]. A previous
study analyzed the haplotype frequency in a sample of 49
Peruvian control subjects of self-declared Quechua ancestry
[16]. However, the ATXN10 allele distribution and frequency
of large normal alleles (≥ 17 pentanucleotide repeats [4]) in
Native American populations remain unstudied.

The Peruvian population results from the admixture be-
tween diverse Native American ethnic groups and
Europeans, mostly Spaniards. The admixture between the
Native American groups began before the arrival of the

Spaniards; therefore, most current Andean and Coastal ethnic
groups are closely related [25]. The current Peruvian popula-
tion shows ~ 80% average Native American continental an-
cestry, but there exists great variability within and between
departments (i.e., geopolitical divisions) [25, 26]. The largest
Native American ethnic group in Peru, according to reported
self-identity, is the Quechua, which makes up 22% of the
population over 12 years old [27]. Puno, the department from
where the sample donors of this study originate, has over 90%
Amerindian ancestry [25].

In this study, we analyzed whether there is evidence of an
association between SCA10 frequency in Peruvian population
and frequency of large normal alleles in a healthy Native
American population. For that purpose, we genotyped the
ATXN10 microsatellite in samples from 49 self-identified
Quechua individuals from Puno, Peru, collected for a previous
study on the genetics of Parkinson Disease [28]. We also
reanalyzed previously obtained [16] genotype data of 4 SNP
and 4 STR markers to distinguish locus-specific from demo-
graphic phenomena. This is the first study analyzing the
ATXN10 allele distribution in a Native American community.

Patients and Methods

Subjects

DNA samples were obtained from the Neurogenetics
Research Center’s DNA bank. All 49 DNA samples were
isolated from peripheral blood mononuclear cells from self-
identified Quechua individuals, whose previous 2 generations
had lived in the Puno region in Peru. These individuals were
recruited for a previous study on the genetics of Parkinson
disease in Latin America; all of them were healthy at the time
of collection and had no family history of neurological disor-
ders. Analysis of 29 ancestry informative markers revealed
that this sample had over 90% Amerindian ancestry [29].
These are the same samples that were used for a SCA10 hap-
lotype study [16]. The sample donors gave informed consent
for further use of their DNA samples in other genetic studies
related to neurological disorders. The study was approved by
the Institutional Review Board at Instituto Nacional de
Ciencias Neurológicas (INCN). Statistical power analysis
using the Minsage software showed that the used sample size
reached 97.4% probability to detect a large normal allele (≥ 17
repeats, population frequency 7.1% [4]).

Methods

Genotyping

ATXN10microsatellite was PCR-amplified using a previously
described protocol [13]. PCR products were measured by

Table 1 Frequency of large normal alleles

Puno Finland *MJE

Normal alleles 95 (96.9%) 471 (93.8%) 561 (92.9%)

Large normal alleles 3 (3.1%) 31 (6.2%) 43 (7.1%)

*Pooled Mexican, Japanese, and European samples from ref. [2]
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capillary electrophoresis using Hi-Di formamide buffer to pro-
vide denaturing conditions at HCPA using an ABI310XL in-
strument. Genotype data of 4 STRs and 4 SNPs obtained for a
previous study were included [16].

Statistical and Genetic Analyses

Frequency of large normal alleles in Peruvian population was
compared with available data from Finnish [22], Mexican,
Japanese and Caucasian populations [2] by a proportion test.
Normality was assessed by the Shapiro-Wilk test. Allele dis-
tributions from Peruvian and Finnish population were com-
pared by a Kolmogorov-Smirnov test modified to work with
discrete distributions implemented in the R package dgof v1.2
[30]. We did not include other population in this analysis
because tabulated data was unavailable. All statistical analyses
were performed using R v3.3 [31]. Hardy-Weinberg equilib-
rium (HWE) was tested using genepop [32]. FIS statistic was
estimated by the Weir and Cockerham method [33]. We used
the tabix program [34] to search the 1000 Genomes Project
[35] database for single nucleotide variants (SNVs) or small
insertions/deletions (indels) in the ATXN10 gene (Chr
22:45671798–45845307, version GRCh38.p12). We checked
whether any variant was located in the primer-binding regions
( forward : (5 ′ )45795261–45795281(3 ′ ) , reverse :
(3′)45795438–45795457(5′)).

Results

Alleles showed a non-normal (Shapiro-Wilk test p value =
3.177 × 10−6) unimodal distribution ranging between 11 and
17 repeats, with mean allele size 14 ± 1.13. The most frequent
allele was 14 (48.0%, Fig. 1), which is in agreement with most
studied populations, except for one European population

whose most frequent allele was 13, followed by the 14 repeats
allele (Table 2).

Three (3.1%) large normal alleles were found, all 17-repeat
long. No alleles over 17 repeats were found. Frequency of
large normal alleles was 6.2% (31/502) in Finnish population
[36], and 7.1% (43/604) in a combined sample of Mexican,
Japanese, and White Europeans, called “MJE sample” in the
remaining of this text [2] (Table 1). Frequency of large normal
alleles was similar in Puno (Quechua Amerindian population
from this study), Finland [36], and MJE (proportion test p
value = 0.303).

We then used a modified Kolmogorov-Smirnov test to
compare the allele distribution in the Quechua sample with
that of Finland [36], and found no statistically significant dif-
ferences (p = 0.333). The empirical cumulative distributions
of both samples are shown in Fig. 2.

The (ATTCT)n microsatellite was not in Hardy-Weinberg
equilibrium in the Quechua sample (p = 0.0063 ± 0.0021
[S.E]). The observed heterozygosity (Ho = 0.49) was lower
than the expected heterozygosity (He = 0.706) and the FIS
coefficient was very high (0.308). The low heterozygosity
observed in the Quechua sample disagrees with the observed
values in Cyprus, MJE, and Venezuela [38] (Table 2).

In order to distinguish between demographic and ATXN10-
specific phenomena, we also analyzed 4 STRs and 1 SNP
markers flanking the (ATTCT)n microsatellite that had been
previously genotyped to study the ATXN10 haplotypes in this
Quechua sample [16]. The original dataset consisted of 4
STRs and 4 SNPs, but 3 SNPs were excluded from this study
because they were either monomorphic or had a private allele
in our sample. One STR marker (GATA030P) showed a de-
viation fromHWE significant at the nominal value (p = 0.017,
Table 3). None of the flanking markers showed statistical sig-
nificant deviation from HWE after Bonferroni correction for
multiple testing (p > 0.05/6). However, the (ATTCT)n repeat
deviation from HWE remained statistically significant
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(Table 3). The FIS statistic of the 5 (4 STRs, 1 SNP) remaining
flanking markers ranged from − 0.168 to 0.130, and the
weighted FIS across loci was − 0.021. The RhoIS statistic of
the 4 flanking STRs ranged between − 0.219 and 0.407, and
the weighted RhoIS across loci was of 0.009. DNAvariants in
the primer-binding sites may give rise to null alleles and de-
crease the apparent heterozygosity [39]. Therefore, we
searched the 1000 genomes database for SNVs or indels near
the (ATTCT)n microsatellite but found none.

Discussion

SCA10 is the most frequent ataxia in Peru known so far, and
we wondered whether this is caused by either a founder effect
of an ancestral mutant allele or whether is caused by high
frequency of predisposing alleles in Native populations from
America. Large normal alleles have been proposed to act as
predisposing alleles for several repeat expansion disorders
[21–23]. We studied the normal ATXN10 allele distribution
in an exemplary Native American ethnic group, the Quechua
population from Puno, Peru. ATTCT length distribution
among normal Quechua population was unimodal with little
asymmetry, and similar to those of Caucasian, Mexican, and
Japanese populations. Altogether, our results suggest that

differences in allele distribution do not explain differences in
SCA10 relative frequency across populations.

Haplotype studies suggested that SCA10 has a unique an-
cestral origin. The occurrence of a single ancient mutation in
an Amerindian or proto-Amerindian population prior to the
split between Asians and Amerindian lineages would explain
the limited geographic distribution of SCA10 cases [13, 16,
40]. A 4-SNP haplotype (CGGC) is found in all expansion-
bearing chromosomes from case reports from China, Japan,
Venezuela, and the Native American Sioux Tribe [17, 19, 20,
38]. Furthermore, this haplotype shows a high frequency in
mutation-carrying chromosomes of Brazilian- and Mexican-
affected families [16, 40]. Nevertheless, association between
specific haplotypes and expanded alleles does not necessarily
point to a unique ancestral mutation’s origin. For example,
large normal alleles of the HTT gene are more frequent on
specific haplotypes significantly associated with HD [23].
This phenomenon raises the question of whether chromo-
somes bearing these haplotypes also bear cis-acting elements
that increase HD risk, or if these haplotypes are merely asso-
ciated with HD through linkage disequilibrium with expan-
sion-prone, large normal alleles [22, 23, 41].

Therefore, we analyzed the ATXN10 allele distribution in a
Quechua sample and compared it with that of other popula-
tions in order to assess whether frequency of large normal
alleles in a Native Peruvian population is higher than in other
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Table 2 Allele distribution
summary statistics Location N† HWE‡ Mode (Frequency %) Mean Range Heterozygosity Reference

Puno 98 No 14 (48%) 14 11–17 0.49 This study

Finland 502 ND* 14 (38.6%) 14.07 10–20 ND [36]

Cyprus 116 ND 14 (37%) ND 10–20 0.81 [37]

Japan 100 Yes 14(27%) ND 10–20 0.82 [2]
Europe 250 Yes 13 (30%) ND 11–20

Mexico 254 Yes 14 (29%) ND 11–22

†Number of chromosomes, ‡Hardy-Weinberg equilibrium, *not determined
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ethnic groups, which would provide a plausible mechanism
explaining the high relative frequency of SCA10 in Peruvian
population.

Allele distribution in the Quechua sample is similar to that
of other populations. All populations analyzed so far, includ-
ing the Quechua one, have shown a nearly symmetrical non-
normal unimodal distribution (Fig. 1), which may suggest a
negligible or little upward-biased mutation process [42, 43].
Furthermore, the 14-repeats allele is the most common in ev-
ery population studied, except for theWhite Europeans, where
it was the second most frequent, close to the 13-repeat allele,
which was the most frequent [2]. The allele range observed in
this study [11–17] was narrower than the observed in other
populations (Table 2), probably due to the small sample size
used in this study. Frequency of large normal alleles in Puno
was similar to that of MJE [2] and Finnish [36] samples
(Table 1). Moreover, a modified Kolmogorov-Smirnov test
showed no difference between the allele distributions of
Puno and Finland (Fig. 2), in spite of the great genetic distance
among Amerindian and European populations [44]. The sim-
ilar allele distributions in all studied populations coupled with
its nearly symmetrical distribution suggest that the evolution
of the ATTCT microsatellite is constrained by its mutational
process [45]; however, we are unable to formally test this
hypothesis with the current data.

Genotypic frequency of Puno differed from other locations
in spite of the similar allele frequencies. The Quechua sample
showed low heterozygosity (0.49) compared with Cyprus
(0.81), Venezuela (0.82), and MJE (Table 2). The ATXN10
microsatellite was not under Hardy-Weinberg equilibrium

(HWE) in Puno, in contrast with MJE (Table 2). The HWE
in MJE is noteworthy, because mixing samples with different
allele frequency give rise to the Wahlund effect, consisting of
an apparent decreased heterozygosity and hence departure
from HWE [46]. Thus, the HWE in MJE further stresses out
that the ATXN10 microsatellite shows similar allele frequen-
cies in otherwise genetically disparate populations.

Deviation from HWE in the Quechua sample is unlikely
caused solely by null alleles. The most recognized source of
null alleles is the presence of DNA variants in the primer-
binding sites [39]. Therefore, we searched the 1000
Genomes Project data for SNVs and small indels in the
primer-binding sites but found none. Other possible cause of
null alleles is differential amplification of alleles of different
size [39]. This phenomenon would cause different allele fre-
quencies between populations, but allele distribution in the
Quechua sample was similar to that of other populations
(Fig. 2 and Table 2). Altogether, our results suggest that the
low heterozygosity is unlikely caused by null alleles.

Low heterozygosity is unlikely caused by population in-
breeding or structure. The district, from where the samples
were obtained, has a population of just over 6500 individuals,
according to the 2017 National Census [27]. Nevertheless, the
weighted FIS and RhoIS across 4 flanking STRs and 1 SNP
were close to zero (− 0.021 and 0.009, respectively, Table 3),
suggesting that there is little inbreeding in this population.
Similarly, if low heterozygosity at the ATTCT microsatellite
was caused by population structure (Wahlund effect), it would
cause a high FIS value in the flanking markers; however, this
was not observed [46].

Table 3 Summary statistics
Locus aDistance bHo cHe dHWE (p value) FIS RhoIS

D22S1140 − 1.5 Mb 0.184 0.211 0.193 0.130 − 0.019
D22S532 − 68 Kb 0.694 0.645 0.495 − 0.077 0.060

rs5764850 − 1198 bp 0.102 0.098 1.000 − 0.044 NA

(ATTCT)n eNA 0.490 0.706 0.007* 0.308 0.316

rs72556348 48 bp 0.000 0.000 fND ND NA

rs72556349 303 bp 0.020 0.020 ND ND NA

rs72556350 370 bp 0.000 0.000 ND ND NA

D22S1153 21.3 Kb 0.551 0.473 0.715 − 0.168 − 0.219
GATA030P 78.5 Kb 0.612 0.673 0.017 0.092 0.407

Weighted (with ATTCT) 0.025 0.062 0.044

Weighted (without ATTCT) 0.200 − 0.021 0.009

aDistance from each marker to the (ATTCT)N microsatellite
b Observed heterozygosity
c Expected heterozygosity
d Hardy-Weinberg equilibrium
eNot applicable
f Not determined
* Significant after Bonferroni correction: p < (0.05/6)
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The ATTCT microsatellite shows replication-mediated in-
stability through a length-dependent DNA unwinding activity.
The ATXN10 expanded alleles show paternal transmission-
dependent intergenerational instability, intra-tissue mosai-
cism, and inter-tissue repeat-length variability [47]. By con-
trast, the normal alleles show little instability. (ATTCT)27 and
(ATTCT)48 show size-instability, but (ATTCT)8 and
(ATTCT)13 do not in a yeast model. Furthermore,
(ATTCT)27 and (ATTCT)48 can replace the c-myc replicator
DNA unwinding element, but (ATTCT)8 and (ATTCT)13 can-
not [48].ATXN10 instability seems to bemediated by a strand-
switching mechanism during replication, where the nascent
Okazaki fragment from the lagging strand functions as tem-
plate for the synthesis of the leading nascent strand [49].
Under this model, the size of each expansion event should
be a multiple of the Okazaki fragment size, thus explaining
the massive ATTCT tract size observed in SCA10. This insta-
bility mechanism would function in expanded alleles only, in
agreement with the unique-origin hypothesis. Under this sce-
nario, the ancestral mutation would have arisen by gene con-
version eased by the abundance of ALU and LINE elements in
the intron 9 of ATXN10 [40].

Altogether, our data suggest that allele distribution of the
ATXN10 allele in the Peruvian sample does not differ from
that of other populations. Thus, we found no evidence to sup-
port that high frequency of SCA10 cases in Peru is caused by a
high frequency of mutation-prone alleles in the most promi-
nent Native American ancestral component in Peruvian pop-
ulation. These features might contribute to better understand
the origin of the SCA10mutation with significant contribution
on genetic counseling in specific populations. Our results help
understand the epidemiology of SCA10 in Peru and possibly
other Latin American populations.

Future studies should focus on the evolution of the
ATTCT microsatellite at the ATXN10 gene. Founder ef-
fects and population divergence due to genetic drift after
long periods of population splits should cause different
allele frequencies between populations [46]; however, this
was not the case. The similar allele frequencies in all the
studied populations so far suggest that the ATTCT micro-
satellite evolution is constrained by its mutation mecha-
nisms. Moreover, the low heterozygosity specific to the
ATTCT microsatellite, and not observed in the flanking
markers, suggests that this region may be under selection
in the Quechua population [50]. Inferring the selection
mechanism possibly acting on this locus requires more
studies.

One caveat of this study was the relatively small sample
size, which prevented us from comparing (ATTCT)n repeat
size allele frequency among ATXN10 haplotypes. We suggest
that a well-powered joint analysis of ATXN10 haplotypes and
ATTCT repeat-length distribution would help further under-
stand the limited geographical distribution of SCA10 cases.

Conclusion

ATXN10 allele distribution and frequency of large normal al-
leles in a Quechua community from Puno are similar to those
of Finland, Mexico, Japan, and other European countries, im-
plying that frequency of large normal alleles does not explain
differences in SCA10 frequency across populations. Thus, our
results favor the alternate hypothesis that SCA10 has a unique
ancestral origin. Studying the repeat size allele distribution of
each ATXN10 haplotype would further help pinpoint the hy-
pothesis that best explains the geographical distribution of
SCA10.
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