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HTT, ATXNI and ATXN2 CAG triplet repeat
sizes: exploring their role in the disease risk
and cancer comorbidity in Parkinson’s disease

®Sergio Pérez-OIiveira,"z’* ®lgnacio Alvarez,3’* ®Manuel Menéndez-Gonza’tIez,z'4’5

Israel David Duarte-Herrera,”® Marta BI:«':quuez-Estrada,z""5 Juan Castilla-SiIgado,7

Esther Suérez,z'4 Ciara Garcia-Fernéndez,z’4 Pablo Siso-Garcia,2’8 Pablo Garcia-GonzéIez,9
Maitee Rosende-Roca,""0 Merce Boada,”'o Agustin Ruiz,”'o Jon Infante,m’II

Beatriz De la Casa-Fages,'>'? Isabel Gonzalez-Aramburu,'®'""T GVictoria Alvarez" >t

and ®Pau Pastor'*t

*

These authors contributed equally to this work.
t These authors contributed equally to this work.

Parkinson’s disease genetic embraces genetic and non-genetic factors. It has been suggested a link between CAG repeat number in the
HTT, ATXN1 and ATXN2 genes and different neurodegenerative diseases. Several genetic factors involved in Parkinson’s disease
development are indeed associated with cancer pathways. Moreover, several studies found a low prevalence of cancer in neurodegen-
erative diseases that can be associated with a low CAG repeat size in several genes. This study aimed to investigate the influence of
CAG repeat sizes in ATXN1, ATXN2 and HTT genes on the risk for developing cancer and Parkinson’s disease in a large cohort
of patients with idiopathic Parkinson’s disease and healthy controls. The work included 1052 patients with idiopathic Parkinson’s
disease and 1070 controls of European ancestry. CAG repeat sizes in HTT, ATXN1 and ATXN2 genes were analysed. Dunn’s mul-
tiple comparison test for quantitative variables and logistic and linear regression were used. The long ATXN1 and HTT alleles and
CAG size and both the ATXN2 short and long alleles were predictors for the Parkinson’s disease risk. The long CAG ATXNT allele
gene was associated with the risk of cancer. No association was observed between CAG size in the HT'T and ATXN2 genes and risk of
cancer in patients with Parkinson’s disease. We described an association of HTT, ATXN1 and ATXN2 with the risk of Parkinson’s
disease, which reinforce the hypothesis of the common pathway of neurodegeneration. Besides, ATXN1 could be a predictor of cancer
risk among patients with Parkinson’s disease, and these results suggest that cancer and neurodegeneration processes can share com-
mon pathways.
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A role for CAG repeats in Parkinson’s disease

Introduction

Parkinson’s disease is the second most frequent neurode-
generative disease with an estimated prevalence of about
1% in individuals older than 60 years and 2% of the
population older than 65 years. Parkinson’s disease rarely
is monogenic, and, most frequently, variants in several
genes increase the risk for Parkinson’s disease. Thus,
Parkinson’s disease is a complex disease where genetic
and non-genetic factors are involved in the aetiology of
the disease.'”

Spinocerebellar ataxia type 1 (SCA1), spinocerebellar
ataxia type 2 (SCA2) and Huntington disease are
autosomal-dominant genetically determined neurodegen-
erative diseases, caused by the expanded CAG repeats
(polyglutamine, polyQ) at the ATXN1, ATXN2 and HTT
genes, respectively. PolyQ inclusions accumulate in the
cell and interact with several transcription factors causing
a dysfunction of the cellular machinery and cell death.
The pathological expansions in the HTT gene cause upre-
gulation of transcriptional activity of tumour suppressor
protein P53. P53, which is highly expressed in patients
with Huntington disease, could explain the decreased risk
of cancer in this disease. Oppositely, it has been described
that a long size of HTT CAG repeats is associated with
worse cancer outcomes.*’ ATXN2 is an RNA-binding pro-
tein that regulates mRNA translation and protein synthesis
and participates in the stress response. It is involved in m6A
methylation, which is an important event in oncologic path-
ways. Indeed, ATXN2 overexpression is correlated with
the proliferation and metastasis of pancreatic and oesopha-
geal cancer.®” ATXN1 is a component of the Notch signal-
ling pathway and controls cell proliferation and the
epithelial-mesenchymal transition of cancer cells.®

On the other hand, the incidence of cancer is decreased in
patients with neurodegenerative disorders, including polyQ
diseases.”'* Hence, a common mechanism against the devel-
opment of cancer when certain proteins normally function at
the CNS and in other tissues is plausible.

Epidemiological data suggest that patients with Parkinson’s
disease have a lower risk of developing cancer compared with
the general population; several Parkinson’s disease risk genes
have also been shown to play a role in oncogenesis. For ex-
ample, Lrrk2 is overexpressed in papillary renal and thyroid
carcinomas, and Parkin is a tumour suppressor protein in-
volved in a variety of cancers.'''* It has also been reported
that increased risk of leukaemia and skin and colon cancer
among patients with Parkinson’s disease with LRRK2 patho-
genic variants and PRKN has been associated with colorectal
tumour progression and lung cancer.'*!” In addition, an older
Parkinson’s disease onset among idiopathic patients who de-
veloped cancer before Parkinson’s disease has been described;
alcohol consumption is an important risk factor for develop-
ing cancer among patients with Parkinson’s disease, and the
TT GRN-rs5848 genotype frequency is higher among
Parkinson’s disease patients without cancer.>’
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In this work, we explore the relationships between CAG
repeats with the susceptibility to develop Parkinson’s disease
and the occurrence of cancer comorbidity in a large cohort of
idiopathic Parkinson’s disease (iPD) patients.

Materials and methods

Our cohort consisted of 1052 unrelated consecutive patients
who were clinically diagnosed with iPD according to the stand-
ard criteria.”! A total of 1024 of 1052 patients with Parkinson’s
disease were previously genotyped for CAG repeats in the HTT
gene.”” In this work, we included the values of the CAG repeats
because a different statistical approach was used, with Cohen’s
d test as a measure of the strength of the relationship between
repeat alleles and Parkinson’s disease. In addition, an analysis
of quadratic and product term for the CAG repeat alleles was
applied. Moreover, 660 of 1052 patients were used in previous
work about cancer risk factor in Parkinson’s disease.”® All the
participants were of European ancestry and were recruited at
the Neurology Units at Hospital Universitario de Cabuefies
(Gijoén, Spain), Hospital Universitario Central de Asturias
(Oviedo, Spain), Hospital General Universitario Gregorio
Marafiéon (Madrid, Spain), Hospital Universitari Mutua
Terrassa (Barcelona, Spain) and the Hospital Universitario
Marqués de Valdecilla (Santander, Spain). Information regard-
ing sex, age at onset (AAQO), age at last assessment, disease dur-
ation and death, history of cancer, type, AAO of cancer and
alcohol and tobacco consumption was collected from the pa-
tients’ clinical records. No data about family history of cancer
were available. Thus, the cancer risk study was carried out
only taking into account the Parkinson’s disease cohort.

Besides, we have a control group that consists of individuals
with European ancestry, free of neurodegenerative diseases
who agreed to join the study (7 =1070). They were recruited
through the Health Community Service of Asturias (Oviedo,
Spain) and Alzheimer Center (Barcelona, Spain). This control
group was used to estimate the association between the risk
of developing Parkinson’s disease and the CAG triplet sizes.

All the participants gave their informed consent to partici-
pate in the study, approved by the Ethical Committees (ap-
proval ID: CEImPA 2020.333).

The genomic DNA was isolated from peripheral blood leuco-
cytes following standard procedures. As described in previous
studies,”® the DNA samples were analysed using a next-
generation sequencing gene panel that included the most fre-
quent genes linked to monogenic Parkinson’s disease
(Supplementary Table 1). Patients without any pathogenic vari-
ant were considered as having iPD and were included in the
study.

HTT, ATXN1 and ATXN2 gene CAG repeats sizes were
analysed by a polymerase chain reaction with 5’-fluorescence
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labelled primers. To determine the size of the HTT repeats,
we used the triplet repeat primed PCR. The number of
CAG repeats was determined by capillary electrophoresis
using an ABI 3130X automated DNA sequencer and the
GeneMapper version 4.0 software (Applied Biosystems,
Foster City, CA, USA). To obtain size standards, several
samples with validated different HTT, ATXNI1 and
ATXN2 CAG allele lengths were sequenced. These samples
included carriers of normal, intermediate and expanded al-
leles (Supplementary Fig. 1). We genotyped the CAG repeats
in the ATXNT and ATXN2 genes in all Parkinson’s disease
and healthy controls, while for HTT CAG repeats, the ma-
jority of the patients (1024) and all the controls had been
genotyped in a previous work.””> Ranges for allele HTT
CAG expansion categories were established as follows: nor-
mal alleles <27, intermediate alleles (IAs) >27 and <35, ex-
panded alleles >36; for ATXN1 CAG repeats: normal alleles
<33; TAs >33 and <38 and expanded alleles >38; for
ATXN2 CAG repeats: normal alleles <27, [As>27 and
<33 and expanded alleles >33.

Categorical variables (normal, intermediate or expanded
HTT, ATXN1 and ATXN2 CAG alleles, history of cancer,
sex, drinking and smoking) were described in frequencies
and percentages. To study the frequencies of these variables,
Chi-squared and Fisher’s exact test were carried out. Holm—
Bonferroni method was used for multiple comparison post
hoc corrections. Mean and standard deviation were used
for the analysis of continuous variables (HTT, ATXNI1
and ATXN2 CAG repeat size, AAO, age at last assess-
ment/death and disease duration). Dunn’s multiple compari-
son test with Holm correction was performed for
quantitative variables after using Kruskal-Wallis Test.
Wilcoxon test was also performed for quantitative variables
with two groups. For the Wilcoxon test, Cohen’s d is calcu-
lated for measure effect size.”?

Multiple linear regression models and binary logistic re-
gression models were used to explore the interaction be-
tween genetic and non-genetic variables, the risk of
Parkinson’s disease and the risk for cancer and the age at dis-
ease onset in patients with Parkinson’s disease. Stepwise

S. Pérez-Oliveira et al.

regression using the Akaike Information Criterion (AIC)
was applied to optimize the models. For all comparisons per-
formed, a P-value of <0.05 suggests that there is sufficient
evidence to reject the null hypothesis. Analyses were per-
formed using R software version 4.3.2.

Results

A total of 1052 iPD patients and 1070 healthy controls were
analysed. Data on cancer prevalence and type of cancer were
available in 94% of the patients (z=990), among which,
18.2% (n=180) suffered cancer (Table 1; Supplementary
Fig. 2). Among cancer patients, prostate cancer was the
most common.

In respect to the distribution of sex, a clear increase in the
frequency of male in Parkinson’s disease compared with con-
trols {58.5 versus 46.2%; P=2.01e—08, odds ratio [OR]
[95% confidence interval (CI)]: 1.63 [1.37-1.95]} was ob-
served. Concerning the risk of cancer and according to our
previous results, in the sub-cohort of 660 iPD, a higher age
at Parkinson’s disease onset (68.87 + 9.65) was observed in
patients who developed cancer before Parkinson’s disease
compared with patients without cancer (P=2.1e—04).
Alcohol consumption was a risk factor to develop cancer
(15.6 versus 6.0% no cancer Parkinson’s disease) in patients
with Parkinson’s disease [P = 7.58e—03, OR (95% CI): 2.86
(1.26-6.16)], while no differences were observed between
smokers and non-smokers?® (Table 1).

The analysis of the whole sample showed that the most fre-
quent allele sizes were 17 and 18 CAG repeats at the HTT
gene, 22 CAG repeats at ATXN2 and 29-30 CAG repeats
at ATXN1 (Fig. 1). The frequency of different alleles was
similar to those reported in other European populations.”*
The statistical test showed that patients with Parkinson’s dis-
ease and controls had a similar frequency distribution for

Table | Summary of demographic and clinical characteristics for all patients with Parkinson’s disease

iPD
Variables All Parkinson’s disease Parkinson’s disease with cancer® Parkinson’s disease without cancer® Controls
N (%) 1052 180 (18.2%) 810 (81.8%) 1070
AAO 62.15+11.63 65.82 +9.88 61.16+11.73
Duration 9.84+7.36 879 +6.33 9.82 + 6.65
Age at last assessment 71.69+11.25 74.6 +8.65 707 +11.42 71.09 +7.97
Sex (male) 614 (58.4%) 121 (67.2%) 464 (57.3%) 494 (46.2%)
Smoking® 73 (13.3%) 15 (19.5%) 56 (12.1%) 16 (5.2%)
Drinkingb 42 (7.7%) 12 (15.6%) 28 (6.0%)

Al values are expressed as mean = SD or n (%). *Smoking data available in 549 patients (52.2%)

and 306 controls (28.8%). bDrinking data available in 549 patients (52.2%). “Cancer data

available in 990 patients (94.1%). Two patients with smoking and drinking data do not have cancer data.
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normal range and [As in HTT and ATXN2 genes among pa-
tients with Parkinson’s disease and controls (Table 2). For
the ATXNI1 gene, we observed an increased frequency of
IAs in patients with Parkinson’s disease compared with con-
trols, but it was not significant [9.5 versus 6.3 %, respective-
ly; P=0.576, OR (95% CI): 0.64 (0.39-1.02)].

Neither ATXN1 nor ATXN2 expanded alleles were de-
tected. Three patients carrying interrupted low penetrance
HTT expanded alleles were detected in our previous work.*?

When we stratified the Parkinson’s disease cohort by can-
cer and non-cancer, no differences in the allele distribution in
the HTT and ATXN2 gene were observed. However, we ob-
served a non-significant increased frequency of ATXN1 IAs
in the non-cancer patients with Parkinson’s disease com-
pared with the cancer controls [10.4 versus 5.7%; P =0.19,
OR (95% CI): 1.91 (0.961-4.23)].

A case—control or cancer—non-cancer Parkinson’s disease
comparisons were conducted to examine the size of the
HTT, ATXN1 and ATXN2 CAG repeats in the different
groups. A difference in both alleles of the HTT gene com-
pared with the controls was observed: the short allele
(16.83 + 2.24 versus 16.68 +2.05; P = 8.86e—04; d=0.07)
and the long allele (20.15+3.40 versus 19.67 + 3.40;
P=6.1e-05; d=0.14). A similar result was observed at
the ATXN2 gene in both, the short allele (21.96 + 0.59 ver-
sus21.94 + 0.34; P =1.36e—05; d = 0.05) and the long allele
(22.38 +1.27 versus 22.35+1.21; P=0.038; d=0.017).
For the ATXN1 gene, differences were only observed in
the short allele (29.04 +1.08 versus 29.21 +1.01; P=3.9¢
—04; d=0.16). Although there were significant differences,
the effect size was practically negligible according to
Cohen’s ‘d’ (d) (Table 3).

After stratifying the patients with Parkinson’s disease ac-
cording to whether they had cancer or not, we only found
that Parkinson’s disease patients with cancer had a statistic-
ally significant increase in the length of ATXN2 CAG repeats
compared with Parkinson’s disease without cancer for the
short allele (22.04 +0.41 versus 21.94 +0.64; P=0.016;
d=0.17). Although there were significant differences in
ATXN2 length, a small effect size was observed according
to Cohen’s ‘d’ (d).

To study the risk of Parkinson’s disease and the risk of cancer
in patients with Parkinson’s disease, binomial logistic models
were created considering all variables: sex, drinking, smok-
ing and HTT, ATXN1 and ATXN2 CAG repeat sizes. We
generated models using the CAG repeat sizes HTT,
ATXN1 and ATXN2, the quadratic term for each allele,
the product term of the two alleles and finally the presence
of the IAs as explanatory variables.”>*® The quadratic
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term for each allele allows us to explore the non-linear rela-
tionships between the CAG repeat size of the alleles and
Parkinson’s disease risk or cancer risk. The product term
of the two alleles was run to investigate possible interaction
effects between the two alleles.

The binomial logistic model that was generated in order to
analyse the effect of CAG repeats in the HTT, ATXN1 and
ATXN2 genes on the risk to develop Parkinson’s disease
displayed a model with the best prediction performance
(P=3.54e—-10, AIC=1181.9) that included the following
predictors: linear and quadratic term of the short HTT
allele (P=0.044 and P=9.95e-03, respectively), long
HTT allele (P =0.030), quadratic term of the long ATXN1
allele (P=0.0499), quadratic term of the short ATXN2
allele (P=0.002); ATXN2 long allele (P=0.002) and the
interaction of both alleles of HTT (P =0.039) and ATXN2
(P=7.3e—05). The best association between the risk of
Parkinson’s disease and HTT CAG repeats was driven by a
model (P =2.43e—04, AIC =2707.3) in which the risk pre-
dictor variable was the long HTT allele, both for the linear
(P =0.004) and the quadratic terms (P =0.01). After strati-
fying the cohorts (patients and controls) by sex, the effect
of the long HTT allele was only sustained among the male
model (P=0.03; AIC=1368.8) when predicting
Parkinson’s disease risk. For ATXN1 gene CAG repeats
size, the best logistic model (P =0.001, AIC=1666.1) in-
cluded the quadratic term of short allele (P =0.024), the
long allele (0.021) and the interaction between both alleles
(P=0.017) as predictors for the Parkinson’s disease risk.
After stratifying the cohort by sex, the best male model
(AIC=791.4) was included as predictor, both the short
(P=0.005) and the long (P=0.008) ATXNTI1 allele, as
well as its interaction (P =0.007). In the female model
(AIC=809.7), only the quadratic term of the short
ATXNI1 allele (P=0.009) showed significance (Fig. 2).
The best logistic model for prediction of Parkinson’s dis-
ease risk in reference to the ATXN2 CAG repeats (P =
1.68-06; AIC =2037) included as predictors the quadratic
term of the short allele (P = 2.72e—04), the long allele (P =
0.002) and the interaction between both alleles (P =
0.002). No model showed ATXN2 predictors when divid-
ing the cohort based on sex (Supplementary Table 2).

Addressing the cancer risk in patients with Parkinson’s
disease, being a drinker (P =0.004; AIC = 349.8) seemed
to be a risk factor for the cancer comorbidity in
patients with Parkinson’s disease, which was a result
also reported previously by our group.?® Considering the
three candidate genes, the best logistic model (P =0.041;
AIC=909.93) was found for the ATXNI1 gene, which
showed a statistically significant prediction value of the
quadratic term for the long allele [P =0.0491, OR (95%
CI): 1.002 (1.00-1.004)] in modifying cancer risk among pa-
tients with Parkinson’s disease (Fig. 3). Neither the HTT
gene nor the ATXN2 gene showed a significant predictive ef-
fect on cancer risk in patients with Parkinson’s disease.

Finally, to evaluate whether HTT, ATXN1 and ATXN2
CAG repeat sizes were associated with age at disease onset,
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Figure 2 ATXN| CAG repeats and Parkinson’s disease risk. Binomial regression models for Parkinson’s disease risk in the complete
cohort and stratified by sex, represented as ORs. n = 1504 for the complete cohort, n =817 males, n = 687 females. Each point in the graph
represents the calculated OR, and the horizontal lines indicate the 95% Cls. ‘Short allele’ and ‘long allele’ refer to the categories of CAG repeat
lengths in the ATXN| gene; ‘product term’ represents the interaction term; ‘2’ indicates the quadratic term. Statistical test: binomial regression

model. P < 0.05 (indicated with an asterisk *).

a linear regression model was generated using age of onset as
the independent variable. Independent quadratic models for
each gene, including the presence/absence of IAs and their
length, also did not provide relevant associations with dis-
ease onset.

Discussion

In this study, we investigated the effect of HTT, ATXNT1 and
ATXN2 CAG allele sizes in the risk of developing the
disease and cancer comorbidity in a large cohort of patients
with iPD.

The long ATXNT1 allele and the CAG size and both the short
and long alleles of ATXN2 were predictor variables of the
Parkinson’s disease risk. In addition, we confirmed the
long HTT allele, both linear and quadratic terms, as a disease
risk predictor among males with Parkinson’s disease.
Statistical differences in the mean of the CAG repeats were
observed between patients with Parkinson’s disease and con-
trols and between cancer and non-cancer Parkinson’s disease
patients. However, it is important to emphasize that the

small effect size, as reflected by Cohen’s ‘d’, indicates that
the practical relevance of this finding is limited. This is a com-
mon occurrence in studies with large sample sizes, where
even small differences can reach statistical significance due
to reduced sample variance.

Neurodegenerative diseases accumulate different protein
aggregates in the brain, such as amyloid, tau, a-synuclein
(a-syn) or TAR DNA-binding protein 43,”! though very
often different protein aggregates are present within the
same individual. A-syn brain aggregates are the main inclusions
found in Parkinson’s disease brains, whereas huntingtin (Htt),
ataxin-1 and ataxin-2 are the main components of Huntington
disease, SCA1 and SCA2, respectively. We previously reported
alink between HTT TAs and an a-synucleinopathy called multi-
system atrophy and the presence of expanded HTT CAG re-
peats in three patients with Parkinson’s disease, thus
supporting a possible role of Htt on Parkinson’s disease aeti-
ology.”> However, the association of the ATXNI and
ATXN2 with risk for Parkinson’s disease could be difficult to
explain, although an association of ATXN2 and the ATXN1
CAG repeats with Alzheimer’s disease, frontotemporal demen-
tia and amyotrophic lateral sclerosis has been described.****

Ataxin-1 is a protein with polyglutamine stretches that
causes SCA1 through a toxic gain-of-function that involves
nuclear aggregation of ATXN1 protein, and it has been de-
scribed as the inter-cellular propagation of polyglutamine-
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Figure 3 ATXN| CAG repeats and cancer risk in Parkinson’s disease patients. Binomial regression model predictors for cancer risk
represented as ORs. n = 956. Each point in the graph represents the calculated OR and the horizontal lines indicate the 95% Cls. ‘Short allele’ and
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interaction term for both alleles; ‘intercept’ corresponds to the intercept term of the model. Statistical test: binomial regression model. P < 0.05

(indicated with an asterisk *).

expanded ATXNT1 inclusions.?® Inter-cellular propagation of
aggregated protein inclusions along actin-based tunnelling
nanotubes has been reported as a mean of pathogenic spread
in Alzheimer’s, Parkinson’s and Huntington’s diseases.’*
Thus, we hypothesize that ataxin-1 could trigger the seeding
propagation of other molecules such as a-syn. With
regards to the risk of ATXN2 for Parkinson’s disease, it
has been reported that ATXN2 repeat expansions have
been found in families with autosomal-dominant parkin-
sonism and in patients with variable phenotypes, including
levodopa-responsive early-onset Parkinson’s disease and a
history of progressive cerebellar ataxia (31/41 CAG).>®
Moreover, previous work has been showed that in cellular
models the ATXN2 allele replacement with a pathogenic
58-repeats ATXN2 CAG expansion does induce the expres-
sion of a-syn.>® These data support the association of the
polyQ repeats length with Parkinson’s disease but further
studies in other patient cohorts are needed to confirm this
hypothesis.

Future biochemical studies are needed to elucidate
whether HTT, ATXN1 and ATXN2 CAG can trigger not
only the Htt or ataxin aggregation but also other pathologic-
al proteins such as a-syn as well, and this explains their
Parkinson’s disease genetic risk.

We found that CAG repeat number variations in the long
ATXNI1 gene were associated with the risk of cancer, an im-
portant relationship from both biological and clinical point
of view. When we stratified by cancer and non-cancer, we ob-
served a non-statistically significant increased frequency of
ATXNT1 TAs in the Parkinson’s disease non-cancer group com-
pared with cancer group controls (10.4 versus 5.7%). No asso-
ciation between Parkinson’s disease risk cancer and the size of
CAG repeats on the HTT and ATXN2 genes was observed.
Ataxin-1 loss-of-function has been implicated in cancer devel-
opment probably owing to its role in the cell proliferation
and in the epithelial-mesenchymal transition of cervical cancer
cells.® In addition, ataxin-1 can enhance E-cadherin expression
in the Michigan Cancer Foundation-7 breast cancer cell line
and E-cadherin mRNA levels are higher in presence of mutant
ataxin-1 (82Q) than with wild-type ataxin-1 (30Q)*”
Subsequently, the inhibition of E-cadherin expression is re-
garded as one of the main molecular events responsible for dys-
function in cell-cell adhesion, which can lead to local invasion
and, ultimately, to tumour development.*®*” Thus, it is pos-
sible that long ATXN1 CAG repeats, even in the normal range,
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could affect the expression levels of different molecules in-
volved in cancer networks.

Our impression is that the frequency of cancer in our
Parkinson’s disease cohort (18.2%) is similar to that de-
scribed in other studies focused on Spanish Parkinson’s dis-
ease cohorts.*® The most prevalent types of cancer in our
cohort were prostate cancers followed by digestive cancer
and skin cancer. These results agree with other studies that
identified a positive correlation of Parkinson’s disease with
cancer and melanoma.*' However, in this work due to the
small numbers of patients with cancer, it was not possible
to analyse the CAG repeat size among the different cancer
kinds.

In recent years, several pieces of evidence suggest that
there are many common molecular pathways between
cancer and neurodegenerative diseases, including deregula-
tion of apoptosis, autophagy and oxidative stress
conditions.**** Some studies revealed that the cancer
prevalence in polyQ diseases is lower than in the general
population. Thus, a decrease in the incidence of most
cancer types in individuals with Huntington disease or other
polyglutamine disorders, including SCA, has been
described.”*’

We are aware that our study has several limitations. The
most important are the variability of the available data (alco-
hol and smoking occurrence of cancer) because they were
collected retrospectively, and no data were available for
some of the participants. Also, the sample size of patients
with Parkinson’s disease with cancer was small. After in-
corporating both linear and quadratic terms, as well as allele
interaction effects in the statistical analysis of CAG repeats
alleles, we captured complex non-linear relationships that re-
vealed new insights beyond traditional linear approaches.
However, the cancer risk model demonstrated only a mar-
ginal association with the ATXN1 gene, suggesting a min-
imal effect size that warrants cautious interpretation and
limited use as an independent predictor. A replication of
our results in additional series of patients and controls is ne-
cessary to confirm the robustness of our results and their po-
tential clinical application.

Conclusion

To our knowledge, this is the first time that an association be-
tween ATXN1 and ATXN2 genes with the risk to develop
Parkinson’s disease is described. The association with HTT
CAG repeats has been previously described by our group??
and, in the present study, is confirmed in a cohort slightly lar-
ger in size using a more accurate statistical analysis, which in-
cluded a product term of both alleles and a quadratic term
for each allele as fixed effects. Our work is also focused on
studying the relationship between CAG repeats and the
risk of cancer in patients with Parkinson’s disease, another
novel research line not previously explored.

Finally, these results reinforce the hypothesis that neuro-
degenerative diseases could share common pathways, which

S. Pérez-Oliveira et al.

could have a connection with cancer networks. Thus, it
might be possible to speculate about the discovery of new
therapeutic strategies for neurodegeneration based on some
cancer treatments. In fact, recently it has been described
that the inhibition of indoleamine-2,3-dyoxigenase 1, used
in cancer therapy, improves cognition in pre-clinical models
of amyloid and tau pathology.*®

Supplementary material

Supplementary material is available at Brain Communications
online.
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