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Abstract

Relative frequency of hereditary ataxias remains unknown in many regions of Latin America. We described the relative frequen-
cy in spinocerebellar ataxias (SCA) due to (CAG)n and to (ATTCT)n expansions, as well as Friedreich ataxia (FRDA), among
cases series of ataxic individuals from Peru. Among ataxic index cases from 104 families (38 of them with and 66 without
autosomal dominant pattern of inheritance), we identified 22 SCA10, 8 SCA2, 3 SCA6, 2 SCA3,2 SCA7, 1 SCA1, and 9 FRDA
cases (or families). SCA10 was by far the most frequent one. Findings in SCA10 and FRDA families were of note. Affected
genitors were not detected in 7 out of 22 SCA10 nuclear families; then overall maximal penetrance of SCA10 was estimated as
85%; in multiplex families, penetrance was 94%. Two out of nine FRDA cases carried only one allele with a GAA expansion.
SCA10 was the most frequent hereditary ataxia in Peru. Our data suggested that ATTCT expansions at ATXN 10 might not be fully
penetrant and/or instability between generations might frequently cross the limits between non-penetrant and penetrant lengths. A
unique distribution of inherited ataxias in Peru requires specific screening panels, considering SCA10 as first line of local

diagnosis guidelines.
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Background

Hereditary ataxias (HA) are clinically and genetically hetero-
geneous diseases characterized by gait and limb ataxia, dysar-
thria, oculomotor impairment and other highly variable signs.
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Age of onset varies from early childhood to late adulthood [1,
2]. All are rare disorders with frequencies varying according
to their geographical origin [3].

Among autosomal dominant ataxias (AD),
spinocerebellar ataxias (SCAs) are the most common
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inherited disorders. At least 42 genetic loci have been
linked to a given SCA [2]. The most frequent SCAs are
caused by unstable CAG repeat expansions coding for
polyglutamine (polyQ) tracts. This is the case of SCAIL,
SCA2, SCA3(also known as Machado-Joseph disease,
SCA3/MJID), SCA6, SCA7, SCA17, and dentatorubro-
pallidoluysian atrophy (DRPLA) [4]. SCAL1O0, a relative-
ly common HA among Latin Americans, is caused by
an expansion of hundreds of ATTCT repeats in intron 9
of the ATXNI0 gene [5]. The remaining SCAs are
caused by either point mutations or intronic expansions.

Most autosomal recessive ataxias (AR) are clinically
heterogeneous with overlapping features, complicating
their diagnostic; except for Friedreich Ataxia (FRDA),
the most known of these disorders. FRDA is caused
by biallelic pathogenic variants in the FXN gene. The
most common mutation is the expansion of an intronic
GAA repeat, found in homozygosis in 90-94% of cases,
and in compound heterozygosis-usually combined with a
point mutation- in the remaining individuals [6, 7]. Sex-
linked forms of ataxia are rare, and the tremor-ataxia
syndrome (FXTAS) described in male carriers of
premutated alleles at the fragile-X Jocus [8] might be
suspected through an X linked pattern relating ataxic
individuals to mentally disable male relatives.

The relative frequency of several HA has been re-
ported in many populations [9]. In Latin America, the
distribution of HA differs across regions. There is a
large and well-described SCA3/MJD population in
Brazil with higher frequencies reported in Southern
states mainly associated to Azorean founder effect
[10]. SCA2 has been reported as the most frequent atax-
ia in Cuba, where a founder effect was described at the
Holguin Province [11]. SCA2 has been also reported as
the most frequent SCA in Mexican families [12].
SCA10 has been described as the second most common
inherited ataxia in Mexico and some states of Brazil,
after SCA2 and SCA3/MID, respectively [12, 13]. A
nationwide study in Venezuela found SCA7 as the most
frequent SCA closely followed by SCA3/MID [14].

These studies prompted a guideline for their diagnosis
[15]. However, the adequacy of this guideline in Latin
American countries will depend on the population-
specific frequencies of HA, which remain largely
unknown.

In order to contribute to the growth of knowledge in
this field, we aimed to describe the relative frequency of
SCA1, SCA2, SCA3/MJD, SCA6, SCA7, SCAI10,
SCA12, SCA17, DRPLA, and FRDA cases among a
case series of ataxic individuals followed at the
Instituto Nacional de Ciencias Neurologicas (INCN),
the only specialized center providing molecular diagno-
sis for inherited ataxias in Peru.

Methods
Patients

From August 2012 to August 2016, ataxic individuals follow-
ed up at the INCN, Lima, Peru, were invited to participate in
this study. Exclusion criteria for secondary ataxias and
phenocopies were (a) the presence of any abnormality that
explain occurrence of ataxia or related neurological symptoms
on the following exams at recruitment: basic blood biochem-
istry; thorax X-ray; abdominal ultrasound; mammary ultra-
sound and mammography, in women; thyroid-stimulating
hormone, lymphocyte and thrombocyte count, hemoglobin,
erythrocyte median corpuscular volume, sedimentation rate,
vitamin B12, Vitamin E, VDRL (venereal discase research
laboratory), antibodies (anti-HIV, Human Immunodeficiency
Virus), qualitative urine test, anti-Yo and anti-Hu antibodies;
(b) suggestive MRI for a vascular, autoimmune, or infectious
process in central nervous system; (c) the presence of the
Met30 mutation at the transthyretin gene to rule out
transthyretin polyneuropathy; or (d) the presence of a CAG
repeat expansion at H77T gene, in patients with associated
cognitive impairment.

Informed consent was obtained from each participant. This
study was approved by the Institutional Ethics Committees
(EC) from the INCN, Lima, Peru, and Hospital de Clinicas
de Porto Alegre, Brazil, registered at Plataforma Brasil as
20620613.2.3001.5479.

After consent, a structured interview was performed.
Clinical and demographic data such as place of birth, gender,
age, age at onset, age at sample collection, disease duration,
and family history were obtained and were double-checked in
clinical records from the ataxia registry at the INCN. Age at
onset was defined when the patient or a close relative noticed
the first symptom of the disease (usually but not always gait
unbalance). When possible, extended pedigrees were drawn
using free online pedigree tool (https://www.progenygenetics.
com/). Presence or absence of several neurological findings,
as well as clinical and family history, was collected through an
online digital form, as described elsewhere [10]. Data were
included into an electronic database, in a standardized format.

Blood sample was collected, and then DNA was isolated
from leukocytes at the Neurogenetics Lab in Lima using stan-
dard procedures [16]. A DNA aliquot was shipped to the lab-
oratories at Hospital de Clinicas de Porto Alegre, where the
molecular analyses were performed.

Procedures
Fluorescence-based assay (Quant-iT — Invitrogen) was used
for DNA quantitation. Evaluation of the (CAG)n tract was

performed by PCR amplification with gene-specific fluores-
cently labeled primers. After amplification, an aliquot of PCR
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products was mixed with formamide (HiDi™ formamide,
Applied Biosystems) and GeneScan™ 500 LIZ (Applied
Biosystems), and capillary electrophoresis was performed in
an ABI3130x/ Genetic Analyzer (Applied Biosystems).
Amplicon lengths at ATXNI, ATXN2, ATXN3, CACNAIA,
ATXN7, PPP2R2B, TBP, and ATNI genes were estimated
using GeneMapper 3.2 software (Applied Biosystems).
Expanded allele in the ATXNI0 gene was detected by the
repeat primed-PCR (RP-PCR) methodology as previously de-
scribed [17]. Length of the expanded repeats at ATXNI10 was
not determined. Amplicons following PCR reaction were also
mixed with formamide (HiDi™ Formamide, Applied
Biosystems) and GeneScan™ 500 LIZ (Applied
Biosystems), and capillary electrophoresis was performed in
the ABI 3130x]l Genetic Analyzer (Applied Biosystems).
Amplification pattern of normal alleles was compared to that
of'expanded alleles after analysis with the GeneMapper® soft-
ware v 3.2 (Applied Biosystems). Positive and negative con-
trols were also included in each analysis to control run vari-
ability. GAA repeats within the FRDA gene were genotyped
by PCR; qualitative expanded allele determination (threshold
over 200 GAA repeats) was confirmed by RP-PCR.

Figure 1 summarizes the recruitment criteria and the diag-
nostic workout for two groups of ataxic subjects included in
the study, as follows:

Patients and families with a recurrence pattern characteris-
tic of an autosomal dominant inheritance were called AD
cases. They were studied for expansions at ATXNI(SCA1),
ATXN2(SCA2), ATXN3(SCA3/MJD), CACNAIA(SCAG®),
ATXN7(SCAT), ATXNI10O(SCA10), PPP2R2B(SCA12),
TBP(SCA17), and ATNI(DRPLA) genes.

Patients without a recurrence pattern characteristic of an
autosomal dominant inheritance were called “without an AD
pedigree” (WADP) cases. The WADP group included isolated
cases (without any family history) and individuals with recur-
rence only in their sibship. WADP individuals were firstly
studied for the presence of GAA expansions at FXN gene,
the gene associated with FRDA. If repeats within the normal
range were found, then samples were included in the protocol
of AD cases, as described above.

Data Analyses

Patient characteristics are given as mean + SD and range. Age
at onset and age at examination showed a normal distribution
on Kolmogorov-Smirnov test: comparisons between diagnos-
tic categories were performed through ANOVA test.
Statistical significance threshold was set at 0.05. All statistical
tests were performed in PASW 18.

Penetrance was considered the value equal to the ratio:
symptomatic heterozygotes/all heterozygotes. Among
SCAI10 families, penetrance was estimated based on the oc-
currence of ataxia or dysarthria. Individuals with isolated
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seizures, if present, would be excluded from the penetrance
estimation analysis. Asymptomatic individuals related to
symptomatic subjects in a given family, and older than
45 years of age, were considered “asymptomatic obligate het-
erozygotes.” Since we did not have genotype data from ma-
jority of their relatives, we did not perform survival analyses
to estimate penetrance. We called our estimation as “maximal
family penetrance” when estimations studied only SCA10
families with recurrence cases (AD or recurrence in sibship).
After that, we called “overall maximal penetrance” when es-
timations studied all SCA10 families, including isolated
SCA10 cases. In this scenario, we consider that at least one
parent plus one grandparent of an isolated case were obligate
carriers. Grandparents were included in order to standardize
families as presenting information from an average of three
generations.

Results

About 115 individuals from 104 families were included, being
46 (38 families) AD and 69 (66 families) WADP cases.
Results per AD and WADP groups as well as overall results
are summarized in Table 1.

Among the 38 AD families, there were 1 family with
SCAL, 6 with SCA2, 2 with SCA3/MID, 2 with SCA®6, 2 with
SCA7, 15 with SCA10, and 10 families without a molecular
diagnosis. Among the 66 WADP families, there were 2 fam-
ilies segregating SCA2, 1 SCA6, 7 SCA10, 9 FRDA (7 fam-
ilies with a definitive diagnosis and 2 with a possible diagno-
sis), and 47 families without a molecular diagnosis.

Therefore, a substantial amount of SCAs were molecularly
confirmed in WADP individuals (or families). Overall, there
were 48 SCA families (38 of them with a molecular diagno-
sis): 22 SCA10 families (46%), 8 SCA2 (17%), 3 SCA6 (6%),
2 SCA3 (4%), 2 SCA7 (4%), 1 SCA1 (2%), and 10 SCA
families with a clear-cut family history but without molecular
diagnosis (21%).

If WADP families whose investigation revealed a molecu-
lar diagnosis of SCA were removed, then the remaining 56
families can be identified as families with ataxic disorders
other than SCAs (Fig. 1). Among them, there were nine
FRDA families (14%), while up to 47 other families remained
without a molecular diagnosis (86%).

Ataxic Families with a Molecular Diagnosis

General characteristics of SCA subjects are summarized in
Tables 1 and 2. Although the limited number of cases prevents
accurate comparisons, age at onset in SCA 10 carriers seems to
be older than in SCA2, SCA3/MJD, and SCA7 patients.
Recruitment bias with predominance of severely affected
cases among families cannot be ruled out, at least in SCA2
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Fig. 1 Recruitment criteria and
summary results of ataxic cases of
Peru

Recruitment
Criteria

Diagnostic
Workout

Results
Per group

Overall
Results

and SCA7, which compared to larger series have earlier age at
onset and larger expanded CAG repeat lengths [11, 14].
Molecular diagnosis was very late in all forms, as can be seen
by their ages at examination.

The most common hereditary ataxia was SCA10, rep-
resented by 22 index cases (i.c., families). About 14
index cases were AD and 8 were WADP. Among the
eight index cases without an autosomal dominant pat-
tern of inheritance, four had ataxic sibs. The age at
onset of SCA10 patients with and without family histo-
ry was not substantially different (Table 1). Most
SCA10 individuals did not present seizures; subjects
with isolated seizures were not detected in these fami-
lies. The 22 SCAI10 pedigrees were then extended in
order to estimate the penetrance rate among these fam-
ilies (Supplemental File). About 82 carriers were identi-
fied within the 22 families: 70 were symptomatic (27
were genotyped) and 12 were asymptomatic individuals
who were obligate heterozygotes like parents or grand-
parents (one each) of isolated cases. Overall maximal

R

B

Ataxic index-cases

without autosomal

dominant pattern
of inheritance

Ataxic index-cases

with autosomal
dominant pattern
of inheritance

(AD): (WADP):
38 families 66 families
SCA panel: SCA panel: l

ATXN1, ATXN2, ATXN3,
CACNAIA, ATXN7,

ATXN1, ATXN2, ATXN3,

CACNA1A, ATXN7,
ATXN10, PPP2R2B, TBP, ATXN10, PPP2R2B, TBP,
and ATN1 genes

and ATN1 genes l

1SCA1

FXN gene

2 SCA2
6 SCA2 15CA6
25CA3 7 SCA10
2 SCA6 (SCAs without Family
2 SCA7 history)
15 SCA10
10 without diagnosis 9 FRDA
47 without
\ diagnosis

48 SCA FAMILIES (38 with MOLECULAR DIAGNOSIS ; 10 with PEDIGREE data):
22 SCA10 (46%) , 8 SCA2 (17%), 3 SCA6 (6%), 2 SCA3 (4%), 2 SCA7 ( 4%) , 1

SCA1 (1%), and 10 SCA families without molecular diagnosis (21%);

57 FAMILIES WITH ATAXIC DISORDERS OTHER THAN SCAs:
9 FRDA (16%); up to 48 other families without molecular diagnosis (84%)

penetrance was equal to 70/82 or 85%. In the 18 fam-
ilies with recurrent symptomatic subjects (multiplex
families), there were 66 symptomatic and 4 obligate
carriers. Their penetrance (maximal family penetrance)
was equal to 66/70 or 94%.

GAA expansions at FXN gene were found in homozygosis
in seven families, where a definitive diagnosis of FRDA was
obtained. General features of the ataxic subjects with con-
firmed FRDA are described in Table 1. Only one affected case
was identified in each family. Consanguinity was not reported
in any of the seven FRDA families. Six of them showed the
classical phenotype combining ataxia, absent reflexes, and
Babinski sign. Two other subjects from independent families
carried a GAA expansion identified in only one allele, and
therefore they remain as possible FRDA cases. Despite older
age at onset (24 and 50), both cases experienced classical
phenotype, with progressive ataxia, axonal polyneuropathy,
and generalized areflexia with positive Babinski; thus both
cases were considered as carrying a non-identified mutation
in the other allele.
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Table 1 General characteristics of the present ataxic patients and families from Peru
Type Subtype (% of families) No. of Family history Age at onset in Age at Onset
families/cases years m=+sd, or  examination, in <18 years no.
[min, max] years m+sd, or  of cases
[min, max]
Yes No
Dominant ataxias SCA10 (21%) 22/27 15 AD families ° 42+11 5110 0 27
7 isolated cases 45+8 61+7
SCA2 (7.6%) 8/8 6 AD families 24+6 3610 2 6
2 isolated cases 25 (23, 27] 32 [30,34]
SCA6 (3%) 3/3 2 AD families 29 [15,42] 55 [53,58] 1 2
1 isolated case 50 79
SCA3/MID (2%) 22 2 AD families 25120,30] 50 [46,53] 0 2
SCA7 (2%) 2/5 2 AD families 20+7 41£20 3 2
SCA1 (1%) 11 1 AD family 50 74 0 1
Unknown (9.4%) 10 10 AD families 38+20 51+20 2 8
Recessive ataxias Definite FRDA (7%) 77 7 isolated cases 15+5 25+6 6 1
Possible FRDA (1%)  2/2 2 isolated cases 49 [24,50] 50[37,63] 0 2
Undiagnosed ataxic disorders WADP * (46%) 1/3 1 family (recurrence 30 [27,37] 16[9,19] 14 40
in sibship)
47/47 47 isolated cases 35+18 45+18 11 36
TOTAL All (100%) 104/115 38 AD families - - - -

66 families WADP

#WADP, without dominant family history or recurrence in sibship

15 SCA10 families have an AD pedigree pattern; in one family, two phenocopies were found

FRDA, Friedreich ataxia; MJD, Machado-Joseph disease; SCA, spinocerebellar ataxia; WADP, without dominant inheritance pattern

Discussion

In this study, we sought to describe the relative frequency of
the most common hereditary ataxias in Peru. SCA10 was the
most common ataxia, accounting for 21% of all ataxia fami-
lies, followed by SCA2 (7.6%) and FRDA (9%). The most
common ataxia worldwide, SCA3/MJD, was relatively rare,
with only two families (2%) identified.

SCA10 revealed to be the most frequent SCA among ataxic
families from Peru. Geographic distribution of SCA10 fami-
lies by origin of the ancient affected family member (Fig. 2)
shows that most of SCA10 families are located within region
of influence of Amerindian Quechua language, harboring
Peruvian populations with high Amerindian ancestry compo-
nent [18, 19]. Until recently, SCA10 was only found in North,
Central, and South American regions [12, 20-22]. More re-
cently, one Chinese Han [23] and one Japanese family [24]
were described. These data suggested an early Amerindian
origin of the ATXN1( expansion and a North-South spreading
with the settlers, through the ice-free corridor in the Pacific
coast, 10 to 30,000 years ago. The SCA10 mutation may have
a unique ancestral origin that either occurred before the diver-
gence of Proto-Amerindians from ancestral Asians or that
back-migrated to East Asia through the Bering Strait.
Haplotype studies support this unique-origin hypothesis
[23-25]. Peruvian population concentrates a large proportion
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of Amerindian ancestry, with geographical locations where
this component represents more than 80% of estimated ances-
try [18]. Therefore, finding SCA10 as the frequent ataxia in
Peru is consistent with the theory of an Amerindian origin of
this mutation.

Incomplete penetrance of SCA10 and late age of onset, as
well as its milder presentation and slower progression com-
pared to other SCAs, may have contributed to the ATXNI0
expansion survival [5]. Formerly, we have shown that the
Scale for Assessment and Rating of Ataxia (SARA) [26] and
the Neurological Examination Score for SCAs-NESSCA [27]
progressions were slower in SCA10 compared to other SCAs
[5]- These factors might have contributed to ATXN/0 expan-
sions survival over around 400 to 800 generations (10 to
20,000 years) in populations of the New World.

Incomplete penetrance has been repeatedly reported in
SCA10 [28-31]. For a number of reasons, penetrance estima-
tion of late-onset disorders is a hard task. The best penetrance
estimation approach requires genotyping entire 2—3 genera-
tion families and follows them over life span to identify all
non-penetrant subjects. Since this approach was not applicable
to our study, we estimated the maximal penetrance using
available information gathered from pedigrees. Although
Kaplan-Meyer survival estimates may reduce the confusion
between non-penetrance and variable expressivity (very-late-
onset cases), it does not avoid the fact that cohort-based data
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Table 2 Main characteristics of SCA cases
mean (sd)

Number of patients ~ Number of  Age atonset ~ Age at examination  Disease duration =~ CAG expanded repeats  Seizures

(males) families
SCA1 1(1) 1 50 74 24 46 0/1
SCA2 8 (4) 8 24 (6) 42(9) 21 (5) 44 (2) 0/8
SCA3/MID 2(1) 2 28 (5) 48 (4) 22 (10) 70 (4) 0/2
SCA6 3(1) 3 36 (18) 63 (14) 28 (16) 25(2) 0/3
SCA7 5(1) 2 20 (6) 41 (18) 21 (13) 50 (4) 1/5
SCA10 27 (15) 22 42 (10) 54 (10) 12 (9) 327
SCAs ND 10 (7) 9 38 (19) 51 (20) 14 (16) 0/10
All 56 (29) 37 31.1(149)* 49 (13.7) * 159 (11.6) * 4/56

*p<0.05, ANOVA

sets frequently contain an overrepresentation of patients (i.e.,
carriers of the gene variant of interest affected with the asso-
ciated disease) and an underrepresentation of disease-free car-
riers. Moreover, family-based studies may not find families
without recurrence [32]. Turning this scenario even more
complicated, among the 22 SCA10 index cases, only 5 other
genotypes were obtained within their relatives, all of them
symptomatic subjects; majority of the available information
was based on phenotypes, obtained by the family-based study
(Supplemental File). Since our results most probably
underwent to upward biases (i.e., overestimations), we decid-
ed to present just exploratory penetrance estimations and to
call them as “maximal penetrance” rates. Taking these limita-
tions into account, the present pedigrees show that the

Fig. 2 SCA10 families distribution according of origin of the ancient
affected family member (green circle)

maximal penetrance was between 85 and 94% in SCA10.
We should highlight the fact that these estimates ignored the
possibility that some of asymptomatic sibs could be mutation
carriers. Despite these limitations, these numbers emphasize
the fact that SCA10 mutation is sometimes non-penetrant.
Although we do not have a hypothesis to explain non-
penetrance in SCA10, we suggest that studies genotyping all
brotherhood, in a double-blind way, should be performed in
the near future in order to clarify this phenomenon.

Other interesting result from our ataxic case series suggests
that point mutations at FXN might be more frequent in Peru
than in other populations. Only seven of the nine index cases
segregating FRDA phenotype presented GAA expansions in
homozygosis. The other two ataxic subjects (or 23% of the
FRDA families) were probably compound heterozygotes for
GAA expansion and a point mutation. These numbers are
different than the usual homozygous GAA expansions seen
in 96% of FRDA carriers around the world [33, 34]. However,
our FRDA numbers are still small and might reflect an unde-
tected recruitment bias favoring these cases among Peruvians.

The diagnostic process of inherited ataxias can be complex
[15] and should be ideally guided by epidemiological data for
each population. On the other hand, carriers of dominant
forms sometimes have a negative family history; thus, isolated
(or sporadic) cases should be investigated for both recessive
and dominant disorders. Following that guideline, we identi-
fied 11 (17%) different SCAs among 66 families without an
autosomal dominant pedigree (WADP): 8 SCA10, 2 SCA2,
and 1 SCA6 were detected. About 4 of these SCA10 families
actually showed recurrence between sibs (mimicking a reces-
sive pattern), reducing the overall number of sporadic ataxic
cases under study to 62. In fact, 7 SCA subjects (4 other
SCA10, 2 SCA2, and 1 SCA®6) out of these 62 (11%) were
indeed AD forms presented as isolated cases. Similar rates of
expanded SCA repeats, varying from zero to 13%, have been
found among sporadic ataxic cases in Spain [35], Brazil [36],
Japan [37], Mexico [12], China [38], and Greece [39]. Lack of
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knowledge about family history, as well as non-penetrance
and instabilities of large repeats giving rise to “de novo” cases,
might explain this phenomenon. The last mechanism has been
reported in SCA6 [40] and in SCA2 [41].

There are some limitations of our study that must be con-
sidered for further studies. Since we did not offer pre-
symptomatic diagnosis for inherited ataxias in Peru, we could
not explore frequency of asymptomatic carriers. Due to the
diagnostic approach, collecting samples for several months
and sending them abroad (through Rede Neurogenetica), we
were not able to estimate annual incidence rate of cases.

In conclusion, the unique distribution of inherited ataxias in
Peru supports the development of specific panels addressed to
the investigation of HA. SCA10 screening should be placed as
first line of evaluations. Secondly, sporadic cases must be
studied as deeply for AD forms as familial cases, especially
in relation to the incomplete penetrance related to SCA10.
Thirdly, our results suggest that point mutations at FXN might
be more prevalent in Peru than elsewhere; whether or not FXN
sequencing should be incorporated in future panels for this
population remains to be established. The results of this study
lay the groundwork for diagnosis guidelines of HA in Peru.
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