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Abstract: Amyotrophic lateral sclerosis (ALS) and Alzheimer’s disease (AD) patients show a higher
prevalence of Lewy body disease than the general population. Additionally, parkinsonian features
were found in about 30% of ALS patients. We aimed to explore the frequency of Parkinson’s disease
(PD)-causative genes in ALS patients, compared to AD and healthy controls (HCs). We used next-
generation sequencing multigene panels by analyzing SNCA, LRRK2, PINK1, PARK2, PARK7, SYNJ1,
CHCHD2, PLA2G6, GCH1, ATP13A2, DNAJC6 and FBXO genes. GBA gene, a risk factor for PD, was
also analyzed. In total, 130 ALS and 100 AD patients were investigated. PD-related genes were found
to be altered in 26.2% of ALS, 20% of AD patients and 19.2% of HCs. Autosomal recessive genes were
significantly more involved in ALS as compared to AD and HCs (p = 0.021). PARK2 variants were
more frequent in ALS than in AD and HCs, although not significantly. However, the p.Arg402Cys
variant was increased in ALS than in HCs (p = 0.025). This finding is consistent with current literature,
as parkin levels were found to be decreased in ALS animal models and patients. Our results confirm
the possible role of PD-related genes as risk modifier in ALS pathogenesis.

Keywords: amyotrophic lateral sclerosis; Parkinson’s disease; PD-related genes; GBA; neurodegenerative
diseases; Alzheimer’s disease

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized
by the degeneration of both upper and lower motor neurons. Although classically con-
sidered a “pure” motor disease, up to 50% of cases develop extra-motor features such as
cognitive decline, configuring the diagnosis of frontotemporal dementia (FTD) in 10–15%
of patients [1]. In addition, epidemiological studies demonstrated that offspring of Parkin-
son’s disease (PD) patients exhibit an increased risk for developing ALS [2], and ALS
patients may develop parkinsonian features in up to 30% of cases [3]. Moreover, a recent
study showed a higher prevalence of Lewy body disease (LBD) in ALS patients than in the
general population [4].

A genetic link between ALS and PD pathogenesis has already been established by
the largest genome-wide association study (GWAS) on ALS patients, underlying a locus-
specific pattern of shared genetic risk across several neurodegenerative diseases [5].

Of note, the most frequent gene associated with ALS, the C9Orf72 gene, can manifest
with typical or atypical parkinsonism [6,7], and some pleiotropic genetic disorders, such as
multisystemic proteinopathy, can present with both ALS and parkinsonian features [8].

Overlapping of different degenerative diseases is a frequent phenomenon, for exam-
ple, in patients with Alzheimer’s disease (AD), where around 50–60% of sporadic and
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genetic patients, carrying pathogenic mutations in APP, PSEN1, or PSEN2 genes, manifest
widespread α-synuclein pathology [9,10].

Around 5–10% of PD is defined as monogenic disorders. Autosomal dominant forms
can be caused by very rare highly penetrant mutations in the α-synuclein (SNCA), respon-
sible for about 2% of familial PD [11–13], or by the most frequent LRRK2 gene, mainly
causing late-onset PD with a milder phenotype. Autosomal recessive forms are caused by
mutations in the PARK2, PINK1, and PARK genes, which approximately share a similar
phenotype, characterized by early onset parkinsonism responsive to levodopa [11–13].
Besides the most frequent genes, several new loci have been recently associated with PD
pathogenesis, even though their molecular function has not been fully defined [12,13]. In
addition, heterozygous GBA (OMIM *606463) mutations increase the risk for PD [14] and
LBD [15]. Of interest, rare variants in the GBA gene have also been associated with cognitive
decline in ALS patients [16], although their frequency was not found to be increased in
ALS patients compared to healthy controls.

To better define this topic, we performed a systematic screening of causal genes for
PD and the GBA gene in a cohort of ALS patients. We also extended the genetic analysis to
a cohort of AD patients, to compare results from an ALS cohort with those from another
neurodegenerative disease known to often have an associated α-synuclein pathology.

2. Materials and Methods

We analyzed known PD-causing genes, i.e., SNCA, LRRK2, PINK1, PARK2, PARK7,
SYNJ1, CHCHD2, PLA2G6, GCH1, ATP13A2, DNAJC6 and FBXO7 (Supplementary Materi-
als, Table S1) by next-generation sequencing (NGS) multigene panels [17]. GBA gene, a risk
factor for PD, was included in the genetic analysis.

Briefly, genomic DNA from peripheral blood was isolated using the Maxwell 16
extractor (Promega, Madison, WI, USA) and quantified using the Quantus Fluorometer
(Promega). Analyses of coding and splice site regions of genes of interest were performed
by multigene panels, by using either one of the following panels: amplicon-based Illumina
panel (TruSeq Custom amplicon, Illumina, San Diego, CA, USA) and probe-based Illumina
panel (Truseq Neurodegeneration Illumina). Sequencing was performed on a MiSeq or
NextSeq 500 sequencer using the Illumina V2 reagent kit, with 2 × 150 bp paired end read
cycles. Sequencing data were analyzed with an in-house bioinformatic pipeline. Variant
filtration and depth of coverage analysis were performed using Genome Analysis Toolkit
(GATK) v4 [18].

Variant selection was performed with BaseSpace Variant interpreter (Illumina, San
Diego, CA, USA), following these criteria: sequence read depth at least 10× and for
heterozygous variants, an allelic balance value in the range of 0.35 and 0.70, and minor allele
frequency (MAF) < 1% in the Genome Aggregation Database (GnomAD) [19]. Variants
were classified according to the American College of Medical Genetics and Genomics
(ACMG) guidelines for the interpretation of sequence variants provided by Franklin-
Genoox (franklin.genoox.com, accessed on 26 May 2022). For this study, we considered
variants classified as pathogenic, likely pathogenic or of uncertain significance (VUS). As
reported in Mighton et al., 2022 [20], we considered synonymous variants which are not
predicted to impact splicing (BP7) as likely benign. In addition, we defined as likely benign
missense VUS variants that met the BP6 criterion (Reputable source recently reports variant
as benign, but the evidence is not available to the laboratory to perform an independent
evaluation) [21].

All ALS patients diagnosed according to the Revised El Escorial criteria [22] were
already screened for mutations in the major ALS genes: SOD1, FUS, TARDBP, and C9orf72
genes, as previously reported [19]. Clinical data including gender, age at onset, ALS
phenotype [23], and disease duration (from clinical disease onset to death) were collected.

A cohort of AD patients diagnosed according to the International Working Group 2
criteria [24] was also analyzed.



Genes 2022, 13, 1306 3 of 10

As healthy controls, we used the recently published whole-exome sequencing data set
composed of 1686 healthy Italian individuals [25]. In detail, we selected variants with an
allele frequency < 1% and a reported effect that included: missense, synonymous, structural
interaction variant, splice variant frameshift variant. Variants were classified as previously
reported for the ALS cohort.

The study was conducted according to the revised Declaration of Helsinki and Good
Clinical Practice guidelines and approved by the local ethics committee “Area Vasta Emilia
Centro” (approval code: CE-AVEC—17151—17152; approval date: 29 March 2021). In-
formed consent was given by participants for their participation in the study and for the
publication of data.

Statistical analysis was performed using IBM SPSS Statistics version 25 (IBM, Armonk,
NY, USA). Quantitative continuous variables were described as median and interquartile
range or as mean and standard deviation according to their distribution. Categorical
variables were expressed as counts and percentages. For continuous variables, the Mann–
Whitney U test was used to test differences between two groups. The chi-squared test was
adopted for categorical variables. For statistical tests, p < 0.05 was considered significant.

3. Results

In total, 130 ALS and 100 AD patients were included in the study. Nineteen ALS
patients (14.6%) carried a pathogenic variant in one of the four major ALS genes (Supple-
mentary Materials, Table S2), while no pathogenic variants in causative AD genes were
found in AD patients. Distribution of PD-related gene variants is detailed in Table 1.

Table 1. Distribution of PD-related gene variants in ALS, AD patients, and healthy controls.

Gene ALS (130) AD (100) HC (1686)

LRRK2 2 (1.5%) 2 (2%) 62 (3.7%)

ATP13A2 4 (3.1%) 4 (4%) 45 (2.7%)

DNAJC6 3 (2.3%) 1 (1%) 20 (1.2%)

FBXO7 2 (1.5%) 1 (1%) 20 (1.2%)

PINK1 5 (3.8%) 1 (1%) 23 (1.4%)

PARK7 1 (0.8%) 0 12 (0.7%)

GCH1 1 (0.8%) 0 10 (0.6%)

PARK2 8 (6.2%) 4 (4%) 70 (4.2%)

SYNJ1 6 (4.6%) 4 (4%) 29 (1.7%)

CHCHD2 1 (0.8%) 1 (1%) 7 (0.4%)

PLA2G6 1 (0.8%) 2 (2%) 25 (1.5)

GBA 2 (1.5%) 3 (3%) 2.2% [16]
Key: ALS, amyotrophic lateral sclerosis; AD, Alzheimer’s disease; HC: healthy controls.

31 ALS patients (23.8%) and 17 AD patients (17%) carried at least one variant in a
PD-related gene. In detail, 34 PD-related variants were found in ALS (26.2%) compared
to 20 AD (20%) and 323 healthy controls (19.2%). The frequency of PD-related variants
resulted slightly higher in ALS than in AD and healthy controls (p = 0.15). Variants in
PD-related autosomal dominant genes were found in 2 [1.5%] ALS, 2 [2%] AD patients, and
72 [4.3%] healthy controls, with no significant differences (p = 0.18). No patients carried
SNCA variants in either degenerative cohort. The frequency of PD-related variants in
autosomal recessive genes was significantly higher in patients with ALS as compared to
AD and healthy controls (31 [23.8%] vs. 18 [18%] vs. 251 [14.9%], p = 0.021 adjusted for
Bonferroni). Variants in the PARK2 gene were more frequent in ALS patients than in healthy
controls, although not significantly (6.2% vs. 4%, p = 0.47), while the frequency in AD
and the healthy population was quite similar. However, regarding the PARK2 gene, we



Genes 2022, 13, 1306 4 of 10

observed that 6 ALS patients carried the same variant, p.Arg402Cys. This variant was
classified as VUS despite being found in a homozygous state in the GnomAD population.
This variant was not identified in our AD-cohort, and was found with an allele frequency
of 0.0089 in the Italian population used as a control (NIG-database). Despite the “not very
low” frequency of this variant, the Chi-square test suggested enrichment in our ALS cohort
(4.6 vs 1.8, p = 0.025).

GBA variants were more frequent in AD than in ALS patients, but both frequencies
were quite similar to those in healthy controls [16]. Three ALS patients (ALS-2, ALS-25
and ALS-98) carried more than one PD-related variant (Table 2), while another patient
(ALS-102) carried two GBA variants (c.1093G>A, c.882T>G).

Table 2. Clinical features of ALS patients carrying autosomal dominant genes.

Patient Variant
Classification

(Franklin
ACMG Classification)

Sex Family
History

Onset
Age Phenotype DD

(Months)

ALS-25 LRRK2 c.7470A>C p.Gln2490His VUS F None 69 Classic 73

ALS-29 LRRK2 c.7315C>A p.Leu2439Ile VUS M None 72 PUMN 60

Key: ALS, amyotrophic lateral sclerosis; DD, disease duration; F, female; LRRK2, LEUCINE-RICH REPEAT
KINASE 2; M, male; PUMN, predominant upper motor neuron; VUS, variant of uncertain significance. In bold:
patients carrying more than one variant.

Clinical features of ALS patients carrying variants in PD-related genes are detailed in
Tables 2–4. The classification of the variants found in ALS and AD cohorts is detailed in the
Supplementary Materials (Tables S3–S5).

Table 3. Clinical features of ALS patients carrying autosomal recessive genes.

Patient Variant Classification (Franklin
ACMG Classification) Sex Family

History
Onset
Age Phenotype DD

(Months)

ALS-24 ATP13A2 c.2836A>T p.Ile946Phe VUS M Dementia
and PD 47 PLMN 47

ALS-40 ATP13A2 c.1382delC p.Ala461ValfsTer5 Likely pathogenic F None 87 Classic 24

ALS-46 ATP13A2 c.3059A>G p.Tyr1020Cys VUS F None 51 Classic 113

ALS-91 ATP13A2 c.2947C>T p.Pro983Ser VUS F None 52 Classic 36

ALS-2 CHCHD2 c.101C>T p.Pro34Leu VUS M None 63 Classic 50

ALS-2 DNAJC6 c.1112A>C p.Lys371Thr VUS M None 63 Classic 50

ALS-27 DNAJC6 c.829G>A p.Ala277Thr VUS M None 49 Classic 73

ALS-81 DNAJC6 c.2048C>T p.Thr683Met VUS M None 65 Classic 24

ALS-60 FBXO7 c.301A>C p.Asn101His VUS M None 71 Classic 33

ALS-98 FBXO7 c.1538G>A p.Arg513Gln VUS F Dementia 62 Classic 119

ALS-15 PINK1 c.1342G>A p.Gly448Arg VUS F None 56 PUMN Unknown

ALS-18 PINK1 c.434C>T p.Thr145Met VUS M None 64 PLMN 154

ALS-53 PINK1 c.1609G>A p.Ala537Thr VUS M Dementia 54 PUMN 51

ALS-98 PINK1 c.587C>T p.Pro196Leu VUS F Dementia 62 Classic 119

ALS-106 PINK1 c.587C>T p.Pro196Leu VUS F Dementia 74 Classic 22

ALS-103 PARK7 c.535G>A p.Ala179Thr VUS M None 38 Classic Unknown

ALS-28 GCH1 c.671A>G p.Lys224Arg Likely pathogenic F None 73 Classic 44

ALS-12 PARK2 c.1204C>T p.Arg402Cys VUS M None 66 PLMN 21
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Table 3. Cont.

Patient Variant Classification (Franklin
ACMG Classification) Sex Family

History
Onset
Age Phenotype DD

(Months)

ALS-25 PARK2 c.1204C>T p.Arg402Cys VUS F None 69 Classic 73

ALS-64 PARK2 c.1204C>T p.Arg402Cys VUS M None 39 PLMN Unknown

ALS-80 PARK2 c.1204C>T p.Arg402Cys VUS M None 55 PUMN 24

ALS-113 PARK2 c.1204C>T p.Arg402Cys VUS M Dementia 40 PLMN Unknown

ALS-126 PARK2 c.1204C>T p.Arg402Cys VUS M None 36 Classic 10

ALS-100 PARK2 c.701G>A p.Arg234Gln VUS F Dementia 57 Classic 41

ALS-129 PARK2 c.436T>C p.Phe146Leu VUS M None 63 Classic 27

ALS-47 SYNJ1 c.2771T>G p.Val924Gly Likely pathogenic F None 45 Classic Unknown

ALS-97 SYNJ1 c.1655C>T p.Ser552Phe VUS F Dementia 78 Classic Unknown

ALS-73 SYNJ1 c.3881C>T p.Pro1294Leu VUS M None 44 PLMN 44

ALS-88 SYNJ1 c.3881C>T p.Pro1294Leu VUS F Dementia 59 Classic 78

ALS-95 SYNJ1 c.3863C>T p.Pro1288Leu VUS F None 70 Classic Unknown

ALS-125 SYNJ1 c.4266T>A p.Ser1422Arg VUS M None 38 Classic

ALS-128 PLA2G6 c.977T>C p.Met326Thr VUS F None 57 Classic Unknown

Key: ALS, amyotrophic lateral sclerosis; ATP13A2, ATPase 13A2; DD, disease duration; DNAJC6, DNAJ/HSP40
HOMOLOG, SUBFAMILY C, MEMBER 6; F, female; FBXO7, F-box only protein 7; GCH1, GTP CYCLOHY-
DROLASE I; M, male; PINK1, PTEN-INDUCED PUTATIVE KINASE 1; PARK2, parkin; PARK7, PARKINSON
DISEASE 7; PLA2G6, PHOSPHOLIPASE A2; PLMN; predominant lower motor neuron; PUMN, predominant
upper motor neuron; SYNJ1, SYNAPTOJANIN 1; VUS, variant of uncertain significance. In bold: patients carrying
more than one variant.

Table 4. Clinical features in ALS patients carrying GBA variants.

Patient Variant Classification (Franklin
ACMG Classification) Sex Family

History
Onset
Age Phenotype DD

(Months)

ALS-57 GBA c.27 + 5G>C VUS F None 41 Classic 133

ALS-
102

GBA c.1093G>A p.Glu365Lys +
GBA c.882T>G p.His294Gln

(likely complex allele)
NA M None 40 PUMN Unknown

Key: ALS, amyotrophic lateral sclerosis; DD, disease duration; F, female; GBA, ACID β-GLUCOSIDASE; M, male;
NA, not available; PUMN, predominant upper motor neuron; VUS, variant of uncertain significance.

After excluding the 19 ALS patients carrying a mutation in one of the four major ALS
genes, we compared the clinical features of ALS patients carrying at least one variant in
PD-related genes with the remaining ALS patients (Table 5).

Age at onset and disease duration did not significantly differ between the two groups
(p = 0.53 and 0.93, respectively). Similarly, we did not find any significant difference
between the two groups regarding the family history distribution (ALS/dementia and/or
parkinsonism) (p = 0.49) or the ALS phenotypic variant (p = 0.17).
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Table 5. ALS clinical features in patients with at least one PD-related gene variant vs. ALS pa-
tients without.

ALS Patients with at Least One
PD-Variant ALS Patients without PD-Variants p-Value

Onset Age 59.4 (13.4) years * 57.9 (11.7) years * 0.53

Disease Duration (months) 42.5 (39) months ** 40 (45) months ** 0.93

Family history
(ALS/parkinsonism/dementia) 7/30 (23.3%) 21/81 (25.9%) 0.49

ALS Phenotypic variant
Classic 21/30 (70%)
PLMN 4/30 (13.3%)
PUMN 5/30 (16.7%)

Classic 61/81 (75.3%)
PLMN 3/81 (3.7%)

PUMN 17/81 (21%)
0.17

* Values (years) are expressed as mean (standard deviation); ** values (months) are expressed as median
(interquartile range). ALS cohort after excluding 19 ALS patients carrying a mutation in one of the four major ALS
genes. Key: ALS, amyotrophic lateral sclerosis; F, female; M, male; PD, Parkinson’s disease; PLMN, predominant
lower motor neuron; PUMN, predominant upper motor neuron.

4. Discussion

In this study, we systematically explored the frequency of variants in PD-associated
causative genes and frequency of the GBA gene in two cohorts of patients with neurodegen-
erative disease known to harbor a higher prevalence of Lewy body disease (LBD) than the
general population and compared them with the genes’ frequencies in Italian controls [25].
We found a significant increase of variants in autosomal recessive PD-related genes in ALS
than in AD and healthy controls.

Variants apparently play no role in modifying the phenotype since we failed to find
different clinical features among ALS patients carrying at least one PD-related gene variant
compared to patients without them. Although possibly affected by the relatively small
sample size, our results are in line with the largest GWAS study to date [5], showing that
even some confirmed genetic risk factors for ALS have a limited effect on survival and
age of onset, highlighting that knowledge of factors underlying the high variability of
phenotypes of ALS is still poor.

Regarding the most frequent autosomal dominant genes causing PD, we did not find
any SNCA variant in both ALS and AD cohorts. Of note, previous studies [26,27] reported
that polymorphisms in the SNCA gene, shown to affect the risk of developing PD, were not
increased in ALS, and did not influence ALS clinical features.

The LRRK2 gene, encoding the dardarin protein, has been reported in familial PD [28].
In our study, we found two LRRK2 variants in ALS and two variants in AD patients
(Table 2), but the gene frequency was not different compared to healthy controls. Inter-
estingly, an LRRK2 mutation (5096A>G) was first found in a German-Canadian family,
with a complex clinical spectrum of parkinsonism, dementia, and lower motor neuron
signs [29]. Subsequently, another study failed to find validated pathogenic LRRK2 variants
(i.e., R1441G=C=H, Y1699C, I2012T, G2019S, and I2020T) in 54 ALS patients [30]. Con-
versely, Ciani M et al. [31] found a pathogenic LRRK2 variant (c.T4937C, p.M1646T) in a
patient with sporadic FTD. Interestingly, a correlation between specific LRRK2 variants and
plasma progranulin levels was highlighted by Caesar et al. [32], suggesting that LRRK2
mutations could be implicated in the ALS-FTD spectrum, also based on their role in altering
one or more specific pathways, including autophagy, immune response, neurite outgrowth,
and vesicle trafficking [33]. However, the inconclusive results from our study and several
studies did not allow us to draw definitive conclusions about its role in ALS pathogenesis.

Homozygous mutations in PARK2 and PINK1 are the most known causes of autosomal
recessive early onset parkinsonism [13,34]. Furthermore, single heterozygous PARK2 or
PINK1 variants are higher in PD patients than controls and have been associated with
subclinical parkinsonism [35]. PARK2 and PINK1 are essential regulators of mitophagy, one
of the autophagy pathways for selective removal of dysfunctional mitochondria. Parkin
depletion has been classically associated with recessive early onset PD due to loss-of-
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function mutations in the PARK2 gene, whereas in sporadic PD, the protein is abundant,
but its function can be inactivated by stress-related modifications.

We found a higher frequency of PARK2 variants in ALS as compared to healthy
controls and AD patients (although not significant), and one in ALS as compared to two
PINK1 variants in AD. Interestingly, we found a high frequency of the p.Arg402Cys variant
in the PARK2 gene in the ALS cohort. This variant is classified as a variant of uncertain
significance in ClinVar and has been also recently found to be increased in a FTD cohort [36],
where the authors speculated the possible role of the PARK2 gene in the pathogenesis of
FTD, highlighting the possible overlap across neurodegenerative diseases.

Intriguingly, recent research has shown that parkin depletion is not limited to PD but
is also observed in other neurodegenerative diseases, especially those characterized by
TDP-43 proteinopathies, such as ALS and frontotemporal lobar degeneration [35]. In par-
ticular, decreased levels of parkin have been found in mouse adult brain, stem-cell-derived
human neurons, human fibroblasts, and motor neurons from sporadic ALS patients [35].
Furthermore, in motor neurons derived from sporadic ALS patients, a correlation has
been established between decreased parkin and the presence of TDP-43 aggregates [37].
Although loss of function of TDP-43 has been directly correlated with decreased parkin
expression, the exact significance of this phenomenon and its consequences remains elusive.

On the other hand, altered expression of PINK1, both at mRNA and protein levels, has
been identified in ALS patients’ muscle [38].

Finally, in our study, GBA variants were not differently distributed between ALS and
AD patients.

The GBA gene encodes the lysosomal enzyme β-glucocerebrosidase, which is involved
in the breakdown of the glucocerebroside, a complex component of cellular membrane,
into glucose and ceramide [34]. Homozygous mutations in GBA gene are recognized as
causative in patients affected by Gaucher’s disease [39], but they were also identified as
important risk factors in PD and LBD patients [40,41]. Moreover, heterozygous GBA carrier
PD patients showed an increased risk of developing the disease, an earlier onset age, and
faster progression. In addition, more frequent cognitive decline and alterations in executive
function and language processing were observed in patients carrying these variants [42].
Interestingly, pathogenic variants in GBA have also been found in FTD [31], and ALS
patients show in the latter a more compromised cognitive profile [16]. Our results are in
line with previous studies [16,43], confirming that the frequency of GBA variants in the
ALS cohort is similar to that of European population controls in the gnomAD database.

Our study has some limitations. The lack of systematic neuropsychological assessment
did not allow us to explore the association between GBA variants or PD-related genes and
the cognitive profile in ALS patients. Furthermore, the relatively small samples of patients
did not allow us to draw definitive conclusions on the association of genetic variants with
clinical features. To the best of our knowledge, this is the first study that systematically
explored an extensive battery of PD-related genes in ALS patients. We showed an in-
crease of variants in autosomal recessive PD-related genes in ALS, confirming a possible
pathogenic role of other neurodegenerative diseases’ related genes as risk modifiers in ALS.
In particular, the role of the PARK2 gene, a variant of which, the p.Arg402Cys, has been
shown to be enriched as much in our cohort of patients with ALS as in a cohort of patients
with FTD previously, is intriguing.

Further studies are needed to confirm our results and to better understand the
pathogenic role of the PD-related genes in the ALS pathogenic mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/genes13081306/s1, Table S1: Genes analyzed in this study; Table S2:
Patients carrying at least one variant in the most frequent ALS-related genes; Table S3: Classification
of variant in autosomal dominant PD genes in ALS and AD patients; Table S4: Classification of
variant in autosomal recessive genes in ALS and AD patients; Table S5: Classification of GBA variants
in ALS and AD patients.

https://www.mdpi.com/article/10.3390/genes13081306/s1
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