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Abstract: SCA1, SCA2, and SCAS3 are the most common forms of SCAs among the polyglutamine
disorders, which include Huntington’s Disease (HD). We investigated the relationship between
leukocyte telomere length (LTL) and the phenotype of SCA1, SCA2, and SCA3, comparing them with
HD. The results showed that LTL was significantly reduced in SCA1 and SCA3 patients, while LTL
was significantly longer in SCA2 patients. A significant negative relationship between LTL and age
was observed in SCA1 but not in SCA2 subjects. LTL of SCA3 patients depend on both patient’s age
and disease duration. The number of CAG repeats did not affect LTL in the three SCAs. Since LTL is
considered an indirect marker of an inflammatory response and oxidative damage, our data suggest
that in SCA1 inflammation is present already at an early stage of disease similar to in HD, while in
SCAS3 inflammation and impaired antioxidative processes are associated with disease progression.
Interestingly, in SCA2, contrary to SCA1 and SCA3, the length of leukocyte telomeres does not reduce
with age. We have observed that SCAs and HD show a differing behavior in LTL for each subtype,
which could constitute relevant biomarkers if confirmed in larger cohorts and longitudinal studies.

Keywords: spinocerebellar ataxias; leukocyte telomere length; neurodegenerative diseases; biomarkers

1. Introduction

The spinocerebellar ataxias (SCAs) due to CAG expansion are the most common of
the polyQ diseases along with Huntington’s Disease. The ataxias are a group of neurode-
generative disorders, which are clinically and genetically heterogeneous. So far, more than
40 genes and loci have been identified [1]. Seven SCAs are due to a CAG repeat expansion
encoding for a polyglutamine stretch, while other SCAs are caused by non-coding repeat
expansions, DNA deletions, or point mutations [2,3]. SCA1, SCA2, and SCA3 are the most
common forms of SCAs, accounting for about one-half of all affected families [4]. The mean
age at clinical onset for SCA1, SCA2, and SCA3 is the third or fourth decade of life [5,6].
The range of the normal and expanded CAG repeat is different for each form of SCAs. [3].

Antioxidants 2022, 11, 1436. https:/ /doi.org/10.3390/antiox11081436

https://www.mdpi.com/journal /antioxidants


https://doi.org/10.3390/antiox11081436
https://doi.org/10.3390/antiox11081436
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com
https://orcid.org/0000-0002-5565-6379
https://orcid.org/0000-0002-9921-8450
https://orcid.org/0000-0002-4272-9292
https://orcid.org/0000-0003-1656-5543
https://orcid.org/0000-0002-0697-3271
https://orcid.org/0000-0002-2635-1699
https://orcid.org/0000-0002-6367-1843
https://orcid.org/0000-0002-1091-2498
https://doi.org/10.3390/antiox11081436
https://www.mdpi.com/journal/antioxidants
https://www.mdpi.com/article/10.3390/antiox11081436?type=check_update&version=1

Antioxidants 2022, 11, 1436

20f16

The genotype is a significant predictor of age at onset, which is inversely correlated with
the number of the CAG repeats.

Clinically, SCA1, SCA2, and SCAS3 share a set of features including cerebellar dysfunc-
tions, which encompass gait ataxia, intention tremor, and eye-movement abnormalities [2].
Signs of sensorimotor or sensory neuropathy, consistent with peripheral nerve involvement,
are usually present, together with pyramidal and extrapyramidal features [6].

From a neuropathological point of view, degeneration of Purkinje cells and cerebellar
circuits are considered the predominant pathogenic mechanism for SCAs, underlying the
characteristic ataxic symptoms [7]. However, heterogeneity in the neuropathology of SCAs
is also emerging from different studies [1]. In fact, some SCAs result in a loss of more than
75% of the total Purkinje cell population, such as in SCA1 and SCA2, whilst in other SCAs
the cell reduction is only 25%, as is the case of SCA3. There is often significant cerebellar
and brain-stem degeneration, associated with a variable degree of damage to more rostral
regions (such as the basal ganglia) and caudal regions (such as the spinal cord) [2].

The cause of the susceptibility of neurons in specific brain regions to the toxic effects
of mutant proteins is still unclear, but it is becoming evident that the response of cells
surrounding the neurons, such as glial cells, including microglia and astrocytes may play
a role in SCA pathophysiology. This has been shown at least for SCA1 and SCA3. In
SCAL1, analysis of human autopsy material indicated a significant glial pathology [8], and,
recently, it has been found that in mouse models, astrocytes and microglia are activated
very early in SCA1 pathogenesis, and activation occurs specifically in the most severely
affected regions of the brain [9,10]. In SCA3, an analysis of pons sections showed increased
numbers of activated microglial cells as well as reactive astrocytes. Astrocytes and microglia
activation, in turn, promotes an inflammatory response with overproduction of numerous
reactive oxygen and nitrogen species and inflammatory cytokines, which could lead to
neurodegeneration. In addition, for SCA3, an imbalance between reactive oxygen species
(ROS) production and antioxidant defense has been observed, suggesting that greater
oxidative stress in SCA3 cells plays an important role in the neurodegenerative process of
the disease [11-13]. Oxidative stress, as well as mitochondrial dysfunction, has also been
shown to be involved in the pathology of SCA2 [14].

Human telomeres consist of repeated TTAGGG nucleotide sequences present at the
ends of chromosomes, where they play a protective role against DNA damage. During
physiological DNA replication, telomeres progressively shorten with each cell division, due to
the inability of the DNA polymerase to replicate the 3'-end of the DNA strand. Telomerase, a
ribonucleoprotein complex, counteracts such shortening of the telomeres [15,16], but, although
normally present during embryonic development, its activity is silenced in many human
somatic tissues after birth [17]. Therefore, the telomeres progressively shorten in the replicating
cells of adult tissues (including skin, kidney, liver, blood vessels, and peripheral leukocytes).
This phenomenon is thought to indicate cellular age and reflect an organism’s biological
age [18-20]. The onset of this replicative senescence in human cells has been reported to
be triggered by the shortest telomeres [21,22]. However, in ~90% of human cancers, the
normally silent human TERT gene (hTERT), encoding the human telomerase catalytic subunit,
is activated or upregulated. In 10-15% of tumors, another DNA recombination mechanism,
termed alternative lengthening of telomeres (ALT), reverses telomere attrition in order to
bypass cellular senescence [23].

Due to tissue availability, the measurement of leukocyte telomere length (LTL) is also
widely used in studies on aging and neurodegeneration, on the basis that telomere lengths
from different tissues of the same individual are statistically correlated [24,25].

A number of epidemiological and population studies provided evidence that leuko-
cyte telomere shortening is associated with aging [18-20,25] and with age-related chronic
diseases, although some inconsistencies have been observed [26-29]. LTL was also in-
vestigated in the neurodegenerative diseases Alzheimer’s (AD), Parkinson’s (PD), and
Huntington’s (HD) diseases and Friedreich’s ataxia (FRDA). Reduced LTL was frequently
observed already in the prodromal stages of AD and HD [30,31], but no consistent evidence
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of shorter telomeres in PD was reported [32]. A common hallmark of AD, HD, and PD
pathophysiology is the inflammatory response associated with microglia activation. This, in
turn, will result in the subsequent production and release of cytokines promoting inflamma-
tion and ROS leading to oxidative stress [33]. The involvement of the peripheral immune
system may promote leukocyte division and telomere shortening, and the overall rate of
LTL reduction would depend on the importance of the inflammatory component in disease
pathogenesis, together with the proportion of oxidative damage and its importance at dif-
ferent disease stages [30,31]. Moreover, telomere maintenance and mitochondrial function
are intimately related and form a bidirectional, feedforward loop. Telomere damage leads
to mitochondrial biosynthesis reprogramming and dysfunction, through activation of the
tumor repressor gene p53 [34,35]. Conversely, mitochondrial dysfunction leads to telomere
loss as well as telomere-dysfunction-induced foci (TIFs), in which DNA-damage-response
factors are recruited to critically short and/or uncapped telomeres [36]. Interestingly, about
10-20% of the total cellular telomerase protein subunit hTERT is localized in mitochondria
and shuttles between the nucleus and mitochondria [37]. A recent study showed that mito-
chondrial oxidative stress, in particular elevated superoxide levels and decreased hydrogen
peroxide levels, induces telomere erosion in mutant mouse models of oxidative stress. This
reduction in telomere length occurs despite an increase in telomerase activity and correlates
with the onset of the disease phenotype [38]. Consequently, LTL measurement could be
a useful biomarker for disease progression, reflecting the inflammatory component and
oxidative stress in the various diseases or disease stages.

Among the CAG repeat disorders, LTL analysis has previously only been performed in
HD, indicating that telomere shortening could be a useful biomarker for disease conversion
in pre-manifest subjects [31]. Similar inflammatory processes and oxidative stress observed
in HD have been reported in SCA1, SCA2, and SCA3. Therefore, the aim of our research
was to analyze LTL as a marker of inflammation for SCA1, SCA2, and SCA3, in order
to identify a potential biomarker for clinical onset and disease progression and compare
our findings with our HD data. As in other neurodegenerative diseases, the study of LTL
could provide information indirectly on the inflammatory /oxidative damage component
in the pathophysiology of SCA and indicate the possible value of LTL as a biomarker of the
various stages of the disease, which could be useful for new therapeutic-trials design.

2. Materials and Methods
2.1. Subjects

A cohort of 107 ataxic patients, molecularly diagnosed as SCA1 (n = 52), SCA2 (n = 26),
and SCA3 (n = 29), collected at the Ataxia Centre, National Hospital for Neurology and
Neurosurgery UCL/UCLH, London, UK (Ethical approval references: EUROSCA study,
04/Q0512/8; polyQ, 09/H0716/53), and at the Laboratory of Neurogenetics of the Institute
of Translational Pharmacology of the CNR, Rome, Italy, was examined. In Table 1, the
demographic and clinical characteristics of SCA1, SCA2, and SCAS3 patients are reported.
Clinical diagnosis was performed on the basis of the presence of gait ataxia, which generally
is the first symptom identified in all the SCAs, with a small percentage of patients showing
other symptoms at clinical onset [39,40].

The control subjects are blood donors recruited at the Department of Experimental
Medicine and Surgery of the University of Tor Vergata, Rome. A sex- and age-matched
control group was selected for each patient group, with two controls for each patient, with
the exception of the SCA3 group, where two controls were selected for 86% of patients.

Written informed consent was obtained from all participants. DNA was collected for
research purposes, according to the principles expressed in the Declaration of Helsinki.
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Table 1. Demographic, genetic and clinical characteristics of SCA1, SCA2, and SCA3 patients and
controls. For each patient, two age- and sex-matching controls were included in the study. Data are
shown as mean =+ standard deviation; NA: not applicable.

SCA1 SCA2 SCA3
Patients Controls Patients Controls Patients Controls
N =52 N = 104 N =26 N =52 N =29 N =50
Age at blood sampling (years) ~ 499 +152 4914151 4614123 464+ 1238 47.4 4+ 143 46.04 + 12.9
Sex (males %) 64.3 55.0 53.8 53.3 45.8 48.0
CAG size ‘:;131‘: expanded 46.6 + 5.7 NA 394422 NA 68.8 4+ 4.3 NA
Age at onset 438 + 132 NA 37.0 +£10.2 NA 39.7 + 134 NA
(years)
Disease Duration 76. 463 NA 92+ 74 NA 96+ 7.8 NA

(years)

2.2. Laboratory Methods

Genomic DNA was extracted from patient peripheral blood leukocytes using a Flex-
iGene DNA kit (QIAGEN, Hilden, Germany) in accordance with the instructions of the
manufacturer.

Molecular diagnosis of the three SCA subtypes was performed according to Orr et al. [41]
for SCA1, Pulst et al. [42] for SCA2, and Kawaguchi et al. [43] for SCA3.

Leukocyte telomere length was measured by monoplex real-time PCR quantitative
analysis (monoplex qPCR) on a 7300 real-time PCR instrument (Applied Biosystems,
Waltham, MA, USA). This method allows the determination of the number of copies of
telomeric repeats (T) compared to a single-copy gene (S) used as a quantitative control
(T/S ratio) [44]. The telomere and single-copy gene -globin (HGB) were analyzed on the
same plate in order to reduce inter-assay variability. DNA (35 ng) was amplified in a total
volume of 20 pL containing 10 uL of SYBR Select Master Mix (Applied Biosystems); primers
for telomeres and the single-copy gene were added to final concentrations of 0.1 uM (Tel
Fw), 0.9 uM (Tel Rev), 0.3 pM (HGB Fw), and 0.7 uM (HGB Rev), respectively. The primer
sequences were: Tel Fw 5-CGGTTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT-
3’; Tel Rev 5'-GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT-3'; HGB Fw 5'-
GCTTCTGACACAACTGTGTTCACTAGCAAC-3'; and HGB Rev 5'-CACCACCAACTTC
ATCCACGTTCACCTTGC-3'. The enzyme was activated at 95 °C for 10 min, followed by
40 cycles at 95 °C for 15 s and 60 °C for 1 min. In addition, two standard curves (one for
HGB and one for telomere reactions) were prepared for each plate using a reference DNA
sample (Control Genomic Human DNA, Applied Biosystems) diluted in series (dilution
factor of 2) to produce 5 concentrations of DNA ranging from 50 to 6.25 ng in 20 pL.
Measurements were performed in triplicates and are reported as a T/S ratio relative to the
calibrator sample to allow comparison across runs. Replicate assays of the same sample
were carried out to calculate the inter-assay variation. The average standard deviation over
three different assays was 4.2%. Thus, assuming a normal distribution, samples differing in
average telomere length by as little as 8.3% (1.96 x SD) should be distinguishable by this
method at the 95% confidence interval [44]. No amplification of the negative controls with
both primer sets (HGB and telomeres) was observed.

2.3. Statistical Analysis

Statistical analyses were performed using Statistix software (version 8.0; Analyti-
cal Software, Tallahassee, FL, USA). Parametric (ANOVA) and nonparametric (Kruskal-
Wallis /Wilcoxon rank-sum test) tests were used to compare the distribution of quantitative
variables between patients and controls and the distribution of the mean T/S ratio across
age and repeat number classes. The level of significance was set at p < 0.05. The relationship
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between the T/S ratio and age at blood sampling was evaluated by regression analysis.
When necessary, LTL was adjusted for age by multiple regression. A comparison of the
regression lines slopes was carried out by a t-test. ROC curve analysis was performed
through the easy ROC web interface. The optimal cut-point was identified according to the
Youden Index method.

3. Results
3.1. Subjects

The demographic, genetic, and clinical features of the SCA1, SCA2, and SCA3 cohorts
are summarized in Table 1.

The SCA1 group cohort consisted of 52 patients and 5 pre-symptomatic subjects. The
linear-regression analysis between the number of CAG repeats in the expanded allele and
age at onset was highly significant (p < 0.00001). The same highly significant correlation
was found in 26 SCA2 patients, when CAG repeats and age at onset were analyzed using
linear regression (p < 0.00001). For the 29 SCAS3 subjects, the linear regression was highly
significant (p = 0.002).

3.2. LTL Analysis
3.2.1. SCA1

LTL, expressed as a T/S ratio, was measured in 52 SCA1 patients and 104 controls. We
found that LTL was shorter in SCA1 patients (median: 0.75, Q1: 0.70, Q3: 0.80) compared
to controls (median: 0.97, Q1: 0.92, Q3: 1.01; p < 0.00001) (Figure 1). In the five pre-manifest
subjects, the median LTL value was 0.79 (Q1: 0.77, Q3: 0.95) and was significantly different
both from controls (p = 0.03) and from SCA1 manifest patients (p = 0.04) (see Figure S1 in
Supplementary Data).

1.4

1.2

* %k %

LTL (T/S)

0.6

04
Controls SCA1 Patients

Figure 1. Distribution of LTL in controls and SCA1 patients. Box plot showing the distribution of
LTL expressed as a relative telomere length T/S ratio (the number of copies of telomeric repeats
T compared to a single copy gene S) used as a quantitative control. Comparison between control
subjects, n = 104 (median: 0.97, Q1: 0.92, Q3: 1.01), and SCA 1 patients, n = 52 (median: 0.75, Q1: 0.70,
Q3: 0.80), showed highly significant value (*** p < 0.001).

No difference in mean LTL was observed between males and females in the two
groups (controls: p = 0.20, SCA1 patients: p = 0.79).

Linear-regression analysis showed an expected, significant negative relationship be-
tween LTL and age in the control group (y = —0.0037x + 1.14, p < 0.0001, R? = 0.37). A
significant relationship was observed between LTL and age in the SCA1 patient group
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as well (y = —0.0035x + 0.94, p < 0.0001, R? = 0.34). The two regression lines show sim-
ilar slopes (p = 0.88), but different elevations (p < 0.0001) indicate that from the age of
about 20 years LTL of SCA1 patients and controls shows a similar shortening rate per year
(0.0035 T/S vs. 0.0037 T/S), and SCA1 LTL values are lower than those of controls at any
age (Figure 2), probably due to the early LTL shortening that began in premanifest SCA1
(Figure S1, Supplementary Data).

1.2 4

LTL ( T/S)

0.6 A

0.4 T T T T T T T T d
0 10 20 30 40 50 60 70 80 90

Age at blood sampling (Years)

@ Controls @SCA 1 Patients

Figure 2. Relationship between LTL and age at blood sampling in SCA1 patients. LTL expressed as a
relative telomere length T/S ratio as a function of age at blood sampling in SCA1 patients (n = 52;
blue spheres) and controls (n = 104; green spheres). The LTL values of SCA1 patients are lower than
controls at any age, as shown by the elevation of the regression lines (p < 0.0001). However, the slopes
are similar (p = 0.88).

No relationship was observed between LTL values and CAG repeat number, after
adjusting for age by means of multiple-regression analysis, (p = 0.15). The same result was
observed between age-adjusted LTL and disease duration, which was calculated as the
difference between age at blood sampling and the reported age of onset (p = 0.4).

We then assessed the accuracy of LTL as a biomarker of SCA1 disease through Receiver
Operating Characteristic (ROC) curve analysis. In discriminating symptomatic SCA1
patients from controls, LTL displayed extremely high accuracy [AUROC(AUC) = 0.916,
see Figure S2 in Supplementary Data]; setting the cut-off point of LTL at 0.85 allows
for identifying SCA1 patients with 91.7% (80.0-97.7) sensitivity and 89.9% (82.7-94.9)
specificity.

3.2.2. SCA2

A statistically significant difference was observed between the LTL distribution of
26 SCA2 patients (median: 1.06, Q1: 1, Q3: 1.12) and 52 controls (median: 0.98, Q1: 0.91, Q3:
1.01) (p < 0.00001), with longer telomeres in SCA2 patients (Figure 3).
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Figure 3. Distribution of LTL in controls and SCA2 patients. Box plot showing the distribution of
LTL (T/S ratio) (the number of copies of telomeric repeats T compared to a single copy gene S) used
as a quantitative measure in controls (n = 52) (median: 0.98, Q1: 0.91, Q3: 1.01) and SCA2 patients
(n =26) (median: 1.06, Q1: 1, Q3: 1.12) (** p < 0.001).

No difference was observed in mean LTL between males and females in the two
groups (controls: p = 0.28, SCA2 patients: p = 0.36).

Linear-regression analysis showed an expected significant negative relationship be-
tween LTL and age for the control group (y = —0.0040x + 1.17, p < 0.0001, R? = 0.36), but,
in SCA2 patients, the relationship between LTL and age was not statistically significant
(y = —0.0020x + 1.16; p = 0.10) (Figure 4).

1.4 -

LTL (T/S)

0.6 - )

0.4 T T T T d
0 20 40 60 80 100

Age at blood sampling ( Years)
@ Controls @ SCA 2 Patients

Figure 4. Relationship between LTL and age at blood sampling in SCA2 patients. LTL expressed as
T/S ratio as a function of age at blood sampling in SCA1 patients (n = 26; red spheres) and controls
(n = 52; green spheres). While in controls there is a significant negative correlation between LTL and
age at blood sampling (p < 0.0001), in SCAZ2 this correlation is absent (p = 0.10). This is due to the
maintenance of LTL in different ages. The LTL values of SCA2 patients are statistically significantly
higher than controls from 40 years of age onwards.
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To investigate further, the relationship between age at blood sampling and LTL in
SCA2 patients, we analyzed the LTL values for different age categories of SCA2 patients,
compared to controls (Table 2). Again, LTL of control subjects showed a clear decreasing
trend with age, while LTL of SCA2 patients was similar in all age classes. In addition, the
median LTL of SCA2 patients was higher than controls in all age classes, and the difference
became significant after 40 years, when LTL begins to shorten in control subjects but not in
SCAZ2 patients (see Table 2).

Table 2. LTL (T/S) distribution by age at blood-sampling classes (median, Q1, and Q3 (n)). There is a
significant difference between controls and SCA2 patients when age is >40 years.

Age Classes (Years) Controls SCA2 Patients p Value
Total sample 0.98, 0.91-1.11 (52) 1.06, 0.99-1.11 (26) <0.0001
19-29 1.06, 0.98-1.09 (6) 1.03,1-1.22 (3) 0.90
30-39 1.00, 0.97-1.01 (8) 1.11,1.02-1.15 (4) 0.20
40-49 0.98, 0.93-1.07 (18) 1.09, 1.02-1.16 (9) 0.009
>49 0.92, 0.88-1.0 (20) 1.01, 0.98-1.01 (10) 0.004
p value 0.009 0.39

No relationship was observed between LTL values and CAG number and disease
duration, after adjusting for age by means of multiple-regression analysis (p = 0.23) and
(p = 0.88), respectively. These results suggest that telomeres maintain a constant length
throughout the duration of the disease.

We assessed the accuracy of LTL as a biomarker of SCA2 disease through Receiver
Operating Characteristic (ROC) curve analysis. In discriminating symptomatic SCA2
patients from controls, setting the cut-off point of LTL at 0.99 [AUROC (AUC) = 0.792,
see Figure S2B in Supplementary Data], allows for identifying SCA2 patients with 89.3%
(71.8-97.7) sensitivity and 55.8% (41.3—-69.5) specificity.

3.2.3. SCA3

LTL was measured in 50 controls and in 29 SCA3 patients. A statistically significant
difference was observed in the LTL distribution between controls (median: 0.97, Q1: 0.93,
Q3: 1.03) and SCA3 patients (median: 0.90, Q1: 0.84, Q3: 0.98) (p = 0.003), with lower levels
in SCAS3 subjects (Figure 5).

There was no difference in LTL mean between males and females in the two groups
(controls: p = 0.88, SCA3 patients: p = 0.11).

Linear-regression analysis showed the expected negative relationship between LTL
and age in the control group (y = —0.0030x + 1.10, p =0.003, R? = 0.17). A similar negative
relationship of LTL with age at blood draw was observed for the SCA3 patient group
(y = —0.0030x + 1.06, p = 0.003, R? = 0.32). The two regression lines show similar slopes
(p = 0.64) but different elevations (p = 0.007), indicating that from the age of about 20 years
LTL of SCA3 patients and controls shows a similar shortening rate per year (both 0.003 T/S),
and that SCA3 LTL values are lower than that of controls at any age (Figure 6). It is possible
that in SCA3 too, an early LTL shortening begins in premanifest SCA3, although we have
no real data to support this hypothesis.

No relationship was observed between LTL values and CAG number after adjusting
for age by means of multiple-regression analysis (p = 0.60). The effect of disease duration
on LTL was examined in SCA3 patients. A significant negative linear relationship between
LTL and duration (y = —0.0057x + 0.96, p = 0.003) was observed (Figure 7), which was
still significant even after adjusting for age by multiple-regression analysis (regression
coefficient = —0.004; 95% CI: —0.008-0.0002, p = 0.02), suggesting that leukocyte telomeres
shorten as the disease progresses, independent of age.
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Figure 5. Distribution of LTL in controls and SCA3 patients. Box plot showing the distribution of
LTL (T/S ratio) (the number of copies of telomeric repeats T compared to a single copy gene S) used
as a quantitative measure in controls (n = 50) (median: 0.97, Q1: 0.93, Q3: 1.03) and SCA3 patients
(n =29) (median: 0.90, Q1: 0.84, Q3: 0.98) (** p < 0.01).

1.2

0.8

LTL( T/S)

0.4
0 20 40 60 80 100

Age at blood sampling (Years)

@Controls ©SCA 3 Patients

Figure 6. Relationship between LTL and age at blood sampling in SCA3 patients. LTL is expressed as
the T/S ratio as a function of age at blood sampling in SCA3 patients (n = 29; orange spheres) and
controls (n = 50; green spheres). The LTL values of SCA3 patients are lower than controls at any age
(p = 0.003) The slopes of the lines are similar (p = 0.64), but the elevation differs (p = 0.007).

We assessed the accuracy of LTL as a biomarker of SCA3 disease through Receiver
Operating Characteristic (ROC) curve analysis. In discriminating symptomatic SCA3
patients from controls, setting the cut-off point of LTL at 0.91 [AUROC(AUC) = 0.718,
see Figure S2C in Supplementary Data], allows for identifying SCA1 patients with 57.7%
(36.9-76.6) sensitivity and 84.0% (70.9-92.8) specificity.
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Figure 7. Relationship between LTL and SCA3 disease duration. Scatter plot showing the negative
correlation between LTL and disease duration in SCA3 patients (y = —0.0057x + 0.96, p = 0.003).

4. Discussion

There is wide evidence that leukocyte telomere shortening is a common hallmark
of conditions associated with increased systemic oxidative stress and chronic inflamma-
tion [45]. Previous studies on two neurodegenerative diseases, AD and HD, suggested
that LTL could be a good biomarker of disease conversion from the prodromal stage to
the full-blown disease [30,31,46—48]. Here, we extended the study to other polyQ diseases,
SCA1, SCA2, and SCA3, which have not been explored to date.

Interestingly, despite these diseases being caused by mutations in three different genes,
they all belong to the group of polyQ conditions [41-43], and LTL analysis shows a different
behavior for each condition.

SCAL. Analysis of LTL in SCA1 patients showed significantly reduced values com-
pared to controls. The analysis of a small number of pre-symptomatic SCA1 subjects
suggests that the telomeric erosion could start at this stage. After clinical onset, telomere
length depends on age but not on disease duration. The picture of LTL in SCA1 appears
similar to what has been observed in HD [31,46], in which leukocyte telomeres begin to
shorten in the pre-manifest stage (Supplementary Figure S1) and continue to do so in the
manifest phase (Figure 1). However, when a comparison was made with HD, lower values
of LTL were observed in HD patients [31] than in SCA1 patients. This distinguishes HD
from SCAL.

The reduced LTL in SCA1 patients could suggest a state of peripheral inflammation
secondary to neuroinflammation, as observed in other neurodegenerative diseases such
as AD or HD [49]. Initial SCA1 studies focused on describing the neuronal pathology
in SCA1, highlighting their dysfunction and degeneration. Further analysis of human
autopsy material and studies on mouse models also showed a significant glial involvement
in SCA1 pathology [8-10]. The authors described the activation of astrocytes and microglia,
representing the brain’s immune cells, which are considered to be the primary mediators of
neuroinflammation. LTL analysis in SCA1 appears to support the hypothesis that, besides
neuronal pathology, the activation of microglia and neuroinflammation contribute to SCA1
pathogenesis. Furthermore, our observation that LTL shortening seems to begin in the
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pre-manifest stage of SCA1 is in line with the previous findings, showing glial activation
occurring in the early stage of the disease in mouse models [9].

ROC curve analysis distinguishes SCA1 patients and controls in a sensitive and
specific way (AUC 0.916), making LTL a possible biomarker useful for clinical trials to
help stratification of SCA1 patients. In order to verify this as a potential biomarker for
progression of the disease, a larger sample of patients should be recruited in a longitudinal
study. The latter will be relevant for understanding the annual decrement in patients.

SCA2. The most relevant result of the LTL analysis in SCA2 is the observation of a
significantly higher LTL in patients than in controls. This difference is more evident in
those age groups in which LTL begins to decrease in controls, while LTL of SCA2 patients
remains more stable. Furthermore, the LTL value seems independent from the CAG
number and disease duration. The observation of longer telomeres in neurodegenerative
disorders and in some forms of familial cancer is quite rare. Some familial cancers, caused
by germline mutations in the TERT gene, are referred to as “long telomere syndromes”.
Furthermore, somatic mutations of the TERT promoter are observed in 70% of solid tumors,
indicating that telomerase abundance is critical for cancer initiation and progression [50,51].
Among neurodegenerative diseases, longer telomeres of leucocytes have been observed
in Parkinson’s disease patients who develop dementia [52]. Amyotrophic lateral sclerosis
(ALS) is another disease in which increased telomere length was reported, although this
was not confirmed in all studies [53-55]. Since SCAZ2 alleles with intermediate expansions
of 28-33 repeats may predispose to a higher risk of ALS [56], the result reported in this
study of longer LTL in SCA2 patients appears to support the hypothesis of a common
molecular substrate in the pathogenesis of PD with dementia, ALS, and SCA2. The presence
of long telomeres compared to controls, although documented, is a phenomenon less clear
than the telomere-shortening mechanism. The observation that telomerase expression was
detectable in bone marrow mesenchymal stem cells (hMSC) derived from ALS patients
but not in the healthy donor hMSC [53], may provide an explanation for the increased
telomere length in ALS. However, this finding was contradicted by De Felice et al. [54], who
reported a significantly lower telomerase-expression level in blood samples and spinal cord
from ALS patients. To explain the longer telomeres in PD patients, it has been suggested
that high levels of regulatory T cells (Tregs), which are known to suppress the immune
response, could suppress the immune system with consequent reduction in cell divisions
and, therefore, no shortening of the LTs [52]. Some studies also reported a neuroprotective
effect of Tregs in PD [52]. In our view, these inconsistencies reflect the high heterogeneity in
the etiology of these two syndromes, ALS and PD, conversely to SCA2. In SCA2, as there
are no indications of neuroinflammation, it is possible that longer telomeres may reflect a
reduced cell turnover due to a reduced immune response, or even one of the mechanisms
observed for some ALS or PD, such as an enhanced telomerase expression.

SCA3. A different picture emerges from the analysis of LTL in SCA3. The LTL values
of SCAS3 patients were significantly reduced compared to controls, similarly to SCA1, but
to a lesser extent. The telomere length of SCA3 patients was also found to depend on both
patients” age and disease duration. This suggests a possible different mechanism from
SCAL1, in which LTL is not dependent on either patient age or disease duration.

Involvement of the inflammatory system and dysregulation of cytokine expression has
been reported in SCA3 [57-60], suggesting that this phenomenon may represent an early
event in the pathophysiology of this condition [57]. In addition, it has been shown that
ataxin-3 plays a protective role against cellular oxidative stress [11], and in vitro studies
indicated an impaired antioxidative capacity in SCA3, which may promote increased
susceptibility towards oxidative stress and neuronal cell death [61]. These findings were
supported by in vivo studies, indicating that significant oxidative stress was only present
after clinical onset [12]. The data as a whole suggest that the inflammatory phenomena
inducing cell proliferation, together with the increase in oxidative stress, could explain the
telomeric erosion observed in SCA3 and its increase as the disease progresses. Since the
telomere length varies with the disease duration, the LTL value could be proposed as a
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clinical biomarker of disease progression. Longitudinal studies should be performed to
corroborate this data.
The LTL trends and their relationship in SCA1, SCA2 and SCAS3 are reported in Table 3.

Table 3. Summary of the LTL trends and their relationships in SCA1, SCA2, SCA3, and HD. Summary
of the LTL trends (patients vs. controls) in SCA1, SCA2, SCA3, and HD [31], and their relationships
with age, CAG repeat number, and disease duration. The symbol of the arrows indicates the decrease
and the increase in LTL, +/— indicate the presence/absence of the relationship.

LTL LTL/ CAG LTL/Disease

. LTL/Age o .
Patient vs. Relationshi Repeatn Duration
Controls P Relationship Relationship

SCA1 \1, \l, + — -
SCA2 1\ - - -

SCA3 \1, + — +

- LIy + ] i

5. Conclusions

We previously published the results of LTL in HD [31,46], and here we have compared
that data with our new data for SCA1, SCA2, and SCA3. Interestingly, despite them all
being PolyQ diseases, their LTL differs in each condition. We also correlated LTL with
many different clinical variables.

In HD, SCA1, and SCA3, LTL was significantly shorter compared to controls. There
was a variability of LTL among these three conditions, in which HD was significantly
shorter than SCA1 and SCA3 (Figure 8, Table S1 in Supplementary Data).

In SCA1 and HD, we have a similar behavior in which the decrease in LTL could be a
biomarker of the disease prodromal stage in SCA1 (Supplementary Figures S1 and S2), such
as in HD [31], as they are shorter than controls. Moreover, in these two conditions, there
was no correlation between LTL and disease duration. Future work on a greater number of
pre-manifest SCA1 subjects will validate the possible use of LTL as a conversion biomarker.
ROC analysis in SCA1 confirmed the sensitivity and specificity of LTL compared to controls,
AUC 0.916 (0.864-0.969).

Conversely to HD and SCA1, SCA3 LTL was significantly negatively correlated with
age and disease duration. A larger sample size and a longitudinal study could confirm
SCA3 LTL as a promising biomarker of disease progression (Figure 7). Statistical analysis
of ROC between SCA3 vs. controls showed a trend towards sensitivity and specificity,
AUC 0.718 (0.596-0.839).

LTL is an indirect biomarker of inflammatory response and oxidative damage. This
study provides support for the literature data elucidating the relevance of these mechanisms
early in the disease process in SCA1 and HD [10,62], while in SCA3 inflammation and
impaired antioxidative capacity are associated with disease progression [13]. In this context,
the measurement of LTL appears to be a promising peripheral marker of the prodromal
stages of SCA1 and of the progression of SCA3, especially in view of innovative therapies
such as CRISPR/Cas9 and antisense oligonucleotides (ASOs), which have been recently
developed in SCA preclinical models [63]. These developments highlighted the need for
reliable biomarkers with adequate sensitivity to reflect disease progression or treatment
responses. Measurement of LTL appears to be a peripheral marker, which fulfills these
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requirements, that could be added to clinical markers and improve the quality of the
general assessment of disease evolution and/or therapy response.
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Figure 8. Distribution of LTL in CAG diseases. Box plot showing the distribution of LTL (T/S ratio)
in controls (n = 146) (median: 0.97, Q1: 0.92, Q3: 1.01) and CAG repeat diseases: SCA1 patients
(n =52) (median: 0.75, Q1: 0.70, Q3: 0.80), SCA2 patients (n = 26) (median: 1.06, Q1: 1, Q3: 1.12),
SCAS3 patients (n = 29) (median: 0.90, Q1: 0.84, Q3: 0.0.98), and HD patients (n = 62) (median: 0.56,
Q1: 0.53, Q3: 0.62). HD data from [31]. (** p < 0.01; *** p < 0.001 patients vs. controls). There are
statistically significant differences between the four PolyQ diseases and controls.

In SCA2, the persistence of long telomeres in leukocytes is an intriguing observation
that needs to be investigated to verify whether this is due to the persistence of telomerase,
as observed in ALS patients [53], or to the suppression phenomena of the immune response,
as proposed for Parkinson’s disease [52], or to the activation of the alternative lengthening
of telomeres (ALT) mechanism, as shown in some tumors [23] and FRDA [64].

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/10
.3390/antiox11081436/s1. Figure S1: Distribution of LTL in controls, SCA1 pre-manifest and manifest
subjects. Table S1: Statistical analysis of each cohort of patients (SCA1, 2, 3 and HD vs controls and
vs. each other. Figure S2: Assessment of LTL as a biomarker of SCAs.
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