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Abstract: Alzheimer’s disease (AD) and Frontotemporal lobar degeneration (FTLD) represent the
most common forms of neurodegenerative dementias with a highly phenotypic variability. Herein,
we investigated the role of genetic variants related to the immune system and inflammation as
genetic modulators in AD and related dementias. In patients with sporadic AD/FTLD (n = 300)
and GRN/C9orf72 mutation carriers (n = 80), we performed a targeted sequencing of 50 genes
belonging to the immune system and inflammation, selected based on their high expression in brain
regions and low tolerance to genetic variation. The linear regression analyses revealed two genetic
variants: (i) the rs1049296 in the transferrin (TF) gene, shown to be significantly associated with age
at onset in the sporadic AD group, anticipating the disease onset of 4 years for each SNP allele with
respect to the wild-type allele, and (ii) the rs7550295 in the calsyntenin-1 (CLSTN1) gene, which was
significantly associated with age at onset in the C9orf72 group, delaying the disease onset of 17 years
in patients carrying the SNP allele. In conclusion, our data support the role of genetic variants in iron
metabolism (TF) and in the modulation of the calcium signalling/axonal anterograde transport of
vesicles (CLSTN1) as genetic modulators in AD and FTLD due to C9orf72 expansions.

Keywords: Alzheimer’s disease; Frontotemporal lobar degeneration; GRN; C9orf72; age at onset;
transferrin; calsyntenin-1; genetic modulators

1. Introduction

Alzheimer’s disease (AD) and Frontotemporal lobar degeneration (FTLD) represent
the most common forms of neurodegenerative diseases. AD is the most common cause of
dementia, accounting for 60% to 80% of cases [1]. AD is mainly characterized by the depo-
sition of beta-amyloid (Aβ) and hyperphosphorylated tau peptides, resulting in neuronal

Int. J. Mol. Sci. 2024, 25, 7457. https://doi.org/10.3390/ijms25137457 https://www.mdpi.com/journal/ijms

https://doi.org/10.3390/ijms25137457
https://doi.org/10.3390/ijms25137457
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/ijms
https://www.mdpi.com
https://orcid.org/0000-0002-8292-6434
https://orcid.org/0000-0002-6162-252X
https://orcid.org/0000-0002-6621-8729
https://orcid.org/0000-0003-2029-6606
https://orcid.org/0000-0003-0041-4142
https://orcid.org/0000-0001-9060-6580
https://orcid.org/0000-0001-7334-5075
https://orcid.org/0000-0001-8618-4282
https://orcid.org/0000-0003-0120-880X
https://orcid.org/0000-0001-9340-9814
https://orcid.org/0000-0002-7691-1957
https://doi.org/10.3390/ijms25137457
https://www.mdpi.com/journal/ijms
https://www.mdpi.com/article/10.3390/ijms25137457?type=check_update&version=1


Int. J. Mol. Sci. 2024, 25, 7457 2 of 15

death, inflammation, and atrophy of the brain tissue, which play a crucial role in the onset
of symptoms and disease progression [2,3]. FTLD, a clinically heterogeneous neurodegen-
erative disorder, represents one of the most common causes of early onset dementia, with
symptoms often occurring between 45 and 65 years old [4], and is characterized by the
accumulation of different proteins, such as microtubule-associated protein tau (MAPT),
ubiquitin, TAR DNA-binding protein 43 (TDP-43), and fused in sarcoma (FUS) [5].

Although sporadic forms of FTLD are still poorly understood due to the absence of
a clear genetic etiology, 30–50% of patients with FTLD present a positive family history
of dementia, with most of them carriers of mutations in genes known to be pathogenic
for the disease [6–8], such as the chromosome 9 open reading frame (C9orf72) [9,10], the
granulin precursor (GRN) [11,12], and the MAPT genes [13,14]. The most common genetic
form of FTLD is represented by pathological expansions (>30) of a hexanucleotide repeat
(GGGGCC) in the first intron/promoter of the C9orf72 gene [9,10], leading to a haploinsuffi-
ciency due to the reduced expression of C9orf72 and the production of toxic dipeptide repeat
protein aggregates [15]. The presence of intermediate expansions (12–30 hexanucleotide
repeats) is associated with a risk of developing familial/sporadic FTLD and could influence
the clinical phenotypes, including age at onset [16,17]. GRN mutations are responsible for
up to 25% of familial FTLD cases [18], with the majority represented by loss-of-function
mutations causing a reduction in circulating progranulin protein [19]. Progranulin is in-
volved in neuroinflammation and acts as a neuroprotective factor [20]. It is mostly localized
in lysosomes, influencing lysosomal acidification and enzymatic activity [21–23]. Indeed,
FTLD due to GRN null mutations or C9orf72 expansions seem to share molecular and
pathological mechanisms, such as a reduction in functional proteins and the presence of
lysosomal dysfunction and inflammation [9,19,24,25].

Studies on neurodegenerative diseases, including AD and FTLD, have proposed that a
dysregulation of the immune system contributes to neurodegeneration [26,27]. The immune
system is deeply involved in the maintenance of tissue homeostasis and injury recovery,
acting as a beneficial player. In the presence of a tissue injury or pathogens, inflammatory
molecules are transcriptionally induced by the innate immune system to initiate the inflam-
matory process, which is resolved once the tissue injury has been repaired [28]. Conversely,
if the inflammatory stimulus is not resolved, the immune system can be overwhelmed lead-
ing to chronic inflammation. Indeed, in neurodegenerative diseases, inflammation has been
suggested to be not only a consequence of neurodegeneration but also a crucial player in
this process [27]. Moreover, even if AD and FTLD have different pathogenetic mechanisms,
they share the hallmarks of neuroinflammation and autoimmunity [29–31]. In AD brains
and cerebrospinal fluid (CSF), various pro-inflammatory molecules, such as cytokines and
complement proteins, are present. Moreover, it was reported that in the proximity of Aβ

plaques, microglia cells show more surface proteins such as the major histocompatibility
complex class II (MHC-II) which proliferate for the removal of Aβ plaques [32]. Similarly,
especially in FTLD due to GRN and C9orf72 mutations, the evidence has shown that altered
levels of pro-inflammatory cytokines were present in the brains and serum of patients, with
an enhanced inflammation and microglia activation [33–35].

Genetic studies further support an involvement of the immune system in neurode-
generation. A large metanalysis suggested the HLA-DR15 locus, encoding for the major
MHC-II protein HLA-DR, as a risk factor for AD [36]; moreover, in a large GWAS of
FTLD [37], the HLA-DRA/DRB5 locus was associated with disease risk and, most inter-
estingly, genetic variants in the same locus were demonstrated to influence disease onset
in C9orf72 expansion carriers [38]. The heterogeneity of phenotypic expression in genetic
FTLD, even in patients carrying the same mutation, suggests the presence of potential
genetic modifiers that influence phenotypic features, such as age at onset, age at death, and
disease duration [39]. Accordingly, potential genetic modifiers of age at onset and disease
risk were identified through GWAS studies in patients with FTLD carrying GRN mutations
or C9orf72 expansions [38,40,41].
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In this study, we investigated the role of genetic variants related to the immune
system and inflammation as genetic modulators in AD and related dementias. To this
aim, we performed targeted sequencing of 50 genes belonging to the immune system and
inflammation in a large group of sporadic AD/FTLD patients and GRN/C9orf72 mutation
carriers to evaluate the presence of potential genetic modulators associated with the disease
phenotype.

2. Results
2.1. Subjects

A total of n = 380 subjects, comprising n = 150 sporadic AD, n = 150 sporadic FTLD,
n = 40 GRN mutation carriers (n = 28 genetic FTLD and n = 12 pre-symptomatic subjects),
and n = 40 C9orf72 intermediate/pathological expansion carriers (n = 38 genetic FTLD and
n = 2 pre-symptomatic subjects), were screened for the presence of variants in the coding
regions of 50 candidate genes belonging to the immune system and inflammation (Table 1).
The average age for pre-symptomatic subjects was 52.7 ± 10.1 for GRN mutation carriers
and 44.0 ± 0.0 for C9orf72 expansion carriers.

Table 1. Clinical and demographic characteristics of patients included in the study.

Sporadic
AD (n = 150)

Sporadic
FTLD (n = 150)

Genetic FTLD
p Value

GRN (n = 28) C9orf72 (n = 38)

Age, years 75.7 ± 7.9 * 70.1 ± 8.7 # 63.3 ± 9.2 66.4 ± 8.0 <0.0001 a

Age at onset, years 72.4 ± 7.9 * 66.3 ± 9.2 61.0 ± 9.4 62.8 ± 8.5 <0.0001 a

Sex, % female 69.3% $ 44.7% 57.1% 34.2% <0.0001 b

AD, Alzheimer’s disease patients; FTLD, frontotemporal lobar degeneration patients; GRN, GRN mutation
carriers; C9orf72, C9orf72 intermediate/pathological expansion carriers. Mean ± Standard Deviation. a Kruskal–
Wallis test with Dunn’s post hoc tests; b chi-squared test; * Sporadic AD vs. sporadic FTLD, GRN, and C9orf72,
p value < 0.0001; # Sporadic FTLD vs. GRN, p value < 0.05; $ AD vs. FTLD, C9orf72, p value < 0.0001.

2.2. Single Variant Association Study

Considering all the variants detected in the selected 50 genes, we selected those with a
Minor Allele Frequency (MAF) greater than 0.01 for the single variant association study
in the four diagnostic groups separately (sporadic AD, sporadic FTLD, GRN, and C9orf72)
as well as in the sporadic group (AD + FTLD), in the genetic group (GRN + C9orf72), and
in the whole group (sporadic AD + sporadic FTLD + GRN + C9orf72). The association
between age at onset, diagnostic group, and genetic variants in the immune system and
inflammation genes was evaluated by linear regression analysis.

The linear regression analysis revealed, after a 5% false discovery rate (FDR) correction,
two genetic variants associated with the age at onset: the rs1049296 (Transferrin gene, TF,
c.1765C>T, p.Pro589Ser) significantly associated with age at onset in the sporadic AD group
and the rs7550295 (Calsyntenin-1 gene, CLSTN1, c.994C>T, p.Ala332Thr) significantly
associated with age at onset in the C9orf72 group (Table 2). For the sporadic FTLD and
GRN groups, no variants were found to be significantly associated with age at onset. The
linear regression analyses for genetic variant associations with age at onset were performed
excluding GRN/C9orf72 pre-symptomatic carriers.

Table 2. Variants associated with age at onset.

SNP Gene Location c.pos p.pos Group P Linear P Linear FDR Beta Linear CI (95%) Linear

rs1049296 TF missense c.1765C>T p.Pro589Ser sporadic AD 0.0005 0.010 −4.34 −6.74 ÷ −1.94
rs7550295 CLSTN1 missense c.994C>T p.Ala332Thr C9orf72 0.0003 0.006 17.13 8.46 ÷ 25.81

TF, transferrin; CLSTN1, calsyntenin-1; SNP, single nucleotide polymorphism; c.pos, coding position; p.pos,
protein position; P Linear, p value derived from linear regression; P Linear FDR, p value derived from linear
regression and corrected with false discovery rate 5%; Beta Linear, beta coefficient derived from linear regression;
CI (95%) Linear, 95% confidence interval derived from linear regression.
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The chi-squared test was used to evaluate the association of the variants with the
diagnostic groups instead and revealed no significant associations.

2.3. The rs1049296 TF Variant Is Associated with Sporadic AD

In the sporadic AD group, the rs1049296 TF variant led to a decrease in the average
age at onset from 74 years for the homozygous wild-type allele (C/C, n = 101) to an age of
69 years for the heterozygous SNP allele (C/T, n = 38) and 65 years for the homozygous
SNP allele (T/T, n = 4) (Figure 1).
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Figure 1. Boxplot of the age at onset distribution according to rs1049296 TF genotypes in the sporadic
AD group. Homozygous wild-type (C/C), heterozygous (C/T), and homozygous SNP allele (T/T).

This suggests that, with respect to the wild-type allele, each SNP allele could reduce
the age at onset by 4.34 years (padj = 0.010). Accordingly, the COX regression also showed
that the rs1049296 TF variant is significantly associated with the age at onset (padj = 0.039),
suggesting that each SNP allele could increase the risk of developing the disease by 1.72
times (95% CI: 1.24 ÷ 2.37). The dominant model confirms the association of the rs1049296
TF with the age at onset, suggesting a reduction in the age at onset of 4.68 years (padj = 0.022).
No associations were found in the recessive model.

The rs1049296 TF genotypes are equally distributed according to sex in the sporadic
AD group (p = 0.40). The association of the rs1049296 TF variant with the age at onset is
also significant in the sporadic group (AD + FTLD) for both the additive and the dominant
model (padj = 0.017 and padj = 0.005, respectively), but not in the sporadic FTLD group
alone. The rs1049296 TF genotypes are equally distributed according to sporadic AD/FTLD
group (p = 0.87) and sex (p = 0.51). Moreover, considering the whole group (sporadic AD +
sporadic FTLD + GRN + C9orf72), the rs1049296 TF variant was nominally associated with
age at onset (p-value not significant after FDR correction).

Furthermore, to determine the median age at onset for the different rs1049296 TF
genotypes observed in the sporadic AD group, we employed the Kaplan–Meier estimate
(Figure 2). The median age at onset was 75 years (95% CI: 73–76) for homozygous wild
type C/C carriers and significantly lower for heterozygous C/T carriers (71 years, 95%
CI: 69–73) and for homozygous T/T carriers (70.5 years, 95% CI: 45 to NA *; * the num-
ber of observations was too small to estimate the upper limit of the confidence interval)
(p log-rank test = 0.0034).
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2.4. The rs7550295 CLSTN1 Variant Is Associated with C9orf72

In the C9orf72 group, the rs7550295 CLSTN1 variant led to an increase in the average
age at onset from 62 years for the homozygous wild-type allele (C/C, n = 32) to an age of
79 years for the heterozygous SNP allele (C/T, n = 3) (Figure 3).
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This variant was associated with a delay in the age at onset of 17.13 years with respect
to the wild-type allele (padj = 0.006). However, due to the limited number of heterozygous
subjects (n = 3), these results should be interpreted with caution. The rs7550295 CLSTN1
genotypes are equally distributed according to sex in the C9orf72 group (p = 0.54). The
association of the rs7550295 CLSTN1 variant with the age at onset is also significant in
the genetic group (GRN + C9orf72) (padj = 0.021), but not in the GRN group alone. The
rs7550295 CLSTN1 genotypes are equally distributed according to GRN/C9orf72 mutation
(p = 0.62) and sex (p = 0.62).

2.5. Variants Interpretation

The identified TF and CLSTN1 missense variants were interpreted using automatic
and manual annotations from various computational tools or databases (Table 3).

Table 3. TF and CLSTN1 missense variants.

SNP Gene Variant gnomAD_NFE
(Genome/Exome) CADD Poly-phen2 GERP FATHMM SIFT Mutation

Taster
∆∆G MUPro
and I-Mutant

rs1049296 TF p.Pro589Ser 0.159/0.163 0.02 B −6.9 T T P −0.801/−1.65
rs7550295 CLSTN1 p.Ala332Thr 0.049/0.049 0.15 B −6.0 T T P −0.474/−0.83

gnomAD_NFE, genome aggregation database non-Finnish European; CADD, combined annotation dependent
depletion; Poly-Phen2, polymorphism phenotyping v2; B, benign; GERP, genomic evolutionary rate profiling;
FATHMM, functional analysis through hidden Markov models; T, tolerated; SIFT, sorting intolerant from tolerant;
P, polymorphism automatic; ∆∆G, protein stability free-energy change.

The rs1049296 TF variant showed a frequency of 16/16% (Genome/Exome) in the
Non-Finnish European (NFE) population and of 14/16% (Genome/Exome) in the whole
population, according to the gnomAD datasets. Other frequencies of the rs1049296 TF
variant in various populations are listed in Table S1. The variant has been reported to be a
tolerated polymorphism by many in silico prediction tools, including CADD, Polyphen-2,
SIFT, FATHMM, and Mutation Taster. Additionally, the fact that the variant site reported a
negative score for GERP suggests that it follows the neutral rate of evolution and should
have no damaging effects. According to MUPro and I-Mutant, the variant is predicted
to decrease TF protein stability (∆∆G = −0.801 and ∆∆G = −1.65, respectively), while in
Missense3D-DB it is predicted to be structurally neutral. In the public database ClinVar,
the rs1049296 TF variant was described as being benign in congenital hypotransferrinemia
conditions and associated with AD as a risk factor [42,43]. The Human Gene Mutation
Database (HGMD) also confirmed its association with AD.

The rs7550295 CLSTN1 variant showed a frequency of 5/5% (Genome/Exome) in
the NFE population and of 12/8% (Genome/Exome) in the whole population. Other
frequencies of the rs7550295 CLSTN1 variant in various populations are listed in Table S1.
The variant was predicted to be benign/tolerated by the previously mentioned in silico
tools, although it was not reported in ClinVar, nor in HGMD. Moreover, according to
MUPro and I-Mutant, the variant should decrease CLSTN1 protein stability (∆∆G = −0.474
and ∆∆G = −0.83, respectively).

3. Discussion

Neurodegenerative dementias, particularly the genetic forms of these diseases, can
show a high phenotypic variation with regard to presenting symptoms, disease course,
and age at onset. The mechanisms underlying phenotypic variations in neurodegenerative
dementias are beginning to be elucidated.

Several studies have demonstrated the presence of genetic loci involved in the immune
system and inflammation that represent risk factors and/or could influence age at onset
in neurodegenerative diseases. More specifically, (i) a large GWAS study demonstrated
an association between FTD and the HLA locus (6p21.3), encoding proteins which play
a pivotal role in the antigen presentation of intracellular and extracellular peptides and
in the regulation of innate and adaptive immune responses [37]; (ii) the presence of a
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variant in the C6orf10/LOC101929163 locus was reported to influence brain expression of
HLA-DRB1 and to be associated with age at onset in C9orf72 expansion carriers [38]; (iii) a
large meta-analysis suggested the HLA-DR15 locus, a locus encoding for the major MHC II
protein HLA-DR, as a risk factor for AD, suggesting an involvement of the immune system
process in this disease [36].

The aim of our study was to identify a genetic profile of the immune system associated
with disease onset and clinical phenotype in a group of patients with neurodegenerative
dementias. Understanding the links between genetic variation and phenotypic features in
patients with different forms of neurodegenerative dementias could help us to decipher the
underlying mechanisms, thus allowing us to gain a deeper understanding of the clinical
observations. To this aim we performed a target sequencing of 50 genes involved in the
immune system and inflammation, highly expressed in brain regions of interest and with
a high intolerance to variation, in a large group of patients with sporadic AD and FTLD,
and in a subgroup of genetic FTLD cases carrying GRN/C9orf72 mutations. We selected
common variants in our dataset with an MAF > 0.01 to perform association studies with
age at onset in the single/combined patients and the whole group. Two variants were
found to be associated with the age at onset, specifically, (i) the TF p.Pro589Ser (rs1049296)
in the sporadic AD group, anticipating the disease onset of 4 years in patients carrying
the homozygous allele (T/T) with respect to the heterozygous allele (C/T) and of 9 years
with respect to the wild-type allele (C/C); (ii) the CLSTN1 p.Ala332Thr (rs7550295) in the
C9orf72 group, delaying the onset of 17 years in patients carrying the heterozygous allele
(C/T) with respect to the wild-type allele (C/C), suggesting a potential protective effect of
the polymorphism in the presence of C9orf72 expansions.

Transferrin, encoded by TF gene, is an iron-binding glycoprotein synthesized by the
liver with a central role in iron transport through receptor-mediated endocytosis which also
acts as a negative acute-phase protein which decreases during inflammation [44–46]. The
TF gene is characterized by a significant degree of genetic polymorphisms with rs1049296
TF, namely TF C2 as the most common variant [47,48]. The TF C2 variant is reported to be
a risk factor for AD, in synergy with the p.Cys282Tyr (rs1800562) allele of the Homeostatic
Iron Regulator (HFE) gene: the combination of TF C2 and the HFE p.Cys282Tyr might
lead to an excess of redox-active iron and eventually the generation of oxidative stress in
the preclinical phase of AD [48–50]. Moreover, it was shown that TF may be involved in
limiting the amyloid aggregation process, as suggested by the association found in the CSF
of AD patients between increased Aβ42/Aβ40 ratio and the presence of the rs1049296 TF
variant [51].

The presence of the rs1049296 TF homozygous/heterozygous allele which is associated
with an earlier onset compared to the TF wild-type allele, as shown in our study, suggests
a potential altered function of the transferrin protein, and therefore, an alteration to iron
homeostasis that could be implicated in the pathogenesis of the disease. Accordingly, sev-
eral studies have revealed a relationship between iron and AD, in particular the increased
risk of AD related to the dysregulation of iron metabolism, as recently reviewed in [52].

Of note, the rs1049296 TF variant has also been found to be significantly associated
with age at onset in the whole sporadic group (AD + FTLD) and only nominally associated
in the whole group (sporadic AD + sporadic FTLD + GRN + C9orf72). The lack of an
association in the different groups separately (sporadic FTLD, GRN, and C9orf72) suggests
that the associations in the combined groups are driven by the association of the sporadic
AD group rs1049296 TF, which is in line with the results reported in the literature.

Encoded by the CLSTN1 gene, the calsyntenin-1 protein, also referred as Alcadeinα, is
a transmembrane protein of the postsynaptic membrane, abundant in most neurons of the
central nervous system (CNS). It is deeply involved in the modulation of calcium signalling
in the postsynaptic membrane and, after its internalization due to extracellular proteolytic
cleavage, in the intracellular Ca2+ reserves [53].

Calsyntenin-1 also has a pivotal role in the axonal anterograde transport of vesicles. It
has been demonstrated that calsyntenin-1 can induce a vesicle association with the kinesin-
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1 motor for axonal transport of cargo, competing with the transport of APP-containing
vesicles [54]. On the other hand, calsyntenin-1 and APP have been found to be colocalized
in the dystrophic neurites and senile plaques of AD brain specimens, and furthermore,
some calsyntenin-1-containing vesicles also contain the APP protein [55,56]. Accordingly,
calsyntenin-1 was found to be reduced in AD brains and correlated with increased levels of
Aβ, suggesting that an interruption of the calsyntenin-1-associated axonal transport of APP
could be a pathogenic mechanism in AD, leading to an increased production of Aβ [57,58].

Several studies on the calsyntenin-1 CSF levels reported an association of the protein
with FTLD; specifically, it was found that calsyntenin-1 CSF levels were lower in patients
affected by FTLD compared to AD and cognitively normal controls [59–61]. Moreover, the
combination of calsyntenin-1 with other synaptic proteins has shown a potential ability to
discriminate FTLD subtypes from other type of dementias, such as FTLD TDP-43-subtype
from AD and healthy subjects, and GRN/C9orf72 pre-symptomatic mutation carriers from
mutation non-carriers [61,62].

In our study, the heterozygous rs7550295 CLSTN1 variant was found to be associated
with the age at onset in the C9orf72 group, leading to a delay in the age at onset compared
to the wild-type allele. This suggests that the presence of the SNP could act as a potential
protective genetic modulator. Interestingly, recent studies have described a pathogenic link
between C9orf72 expansions and the dysregulation of calcium signalling [63,64]. Since the
CLSTN1 gene is involved in the modulation of calcium signalling, this could explain the
modulation of the CLSTN1 variant of the phenotypic trait of C9orf72 expansion carriers.

The lack of genetic variants associated with the diagnostic group, especially in the
genetic groups, could be due to the limited number of samples, representing a limitation of
the study. Therefore, our results should be interpreted with caution, especially for the small
number of rs7550295 CLSTN1 heterozygous variant carriers and the lack of homozygous
carriers. Future replication analyses on a larger number of samples may be useful for
confirming and strengthening our results.

In conclusion, our data support a role of genetic variants related to immune system
and inflammation as genetic modulators in neurodegenerative dementias. These genes
are involved in the iron metabolism (TF) and in the modulation of calcium signalling at
the postsynaptic level as well as in the axonal anterograde transport of vesicles (CLSTN1).
Of note, the data arising from this study suggest that genetic modulators are disease
specific. Thus, the stratification of patients according to modifying factors might also be
incorporated into clinical trials in the near future.

4. Materials and Methods
4.1. Participants

This retrospective study was carried out on DNA from a total of n = 380 subjects,
comprising n = 150 sporadic AD, n = 150 sporadic FTLD, n = 40 GRN mutation carriers
(n = 28 genetic FTLD and n = 12 pre-symptomatic subjects), and n = 40 C9orf72 interme-
diate/pathological expansion carriers (n = 38 genetic FTLD and n = 2 pre-symptomatic
subjects). The genetic features, including GRN mutations, C9orf72 repeat expansions, and
APOE genotype (when available) are listed in Table S2. Clinical diagnoses of AD and FTLD
were made according to international guidelines [65–69]. DNA samples were available
from Biobanca IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia (BioBank FBF;
bbmri-eric ID: IT_138442378660827 and Orphanet Biobank) and NeuroBiorepository of
ASST Spedali Civili Brescia. C9orf72 and GRN genetic screening was previously performed
as described in [17,18,70,71]. Written informed consent was obtained from all subjects. The
study protocol was approved by the local ethics committees (Prot. N. 79/2020, date of
approval 21 December 2020; Prot NP 1471, DMA, Brescia, approved in its last version on
20 December 2020).
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4.2. Gene Selection

Panel genes were chosen from gene sets downloaded from 5 different databases:
NCBI Gene [https://www.ncbi.nlm.nih.gov/gene/], GSEA [https://www.gsea--msigdb.
org/gsea/index.jsp], Kegg [https://www.genome.jp/kegg/], Gene Ontology [http://
geneontology.org/], and Reactome [https://reactome.org/], all accessed on 5 April 2022.
Gene selection was performed using search terms linked to the immune system. Four
terms in particular were used: “Innate Immune System”, “Adaptive Immune System”,
“Inflammation”, and “Autoimmune”. Gene sets were then merged and duplicates were
removed. A list of 13,276 unique genes was obtained. All the genes were then filtered
depending on their expression levels in multiple brain regions (i.e., amygdala, caudate
basal ganglia, cortex, frontal cortex, hippocampus, and putamen basal ganglia). Gene
expression levels were downloaded from the GTEx portal [https://gtexportal.org/home/
(accessed on 5 April 2022)]. Expression percentiles were then calculated, and all the genes
that fell above the 95th percentile for all the brain regions of interest were selected. From
such selection a list of 476 genes was obtained, which was ordered based on genes Residual
Variation Intolerance Score (RVIS) (ascending order). The first 50 genes that fell below the
25th percentile of the RVIS were then selected for the gene panel design (Table S3).

4.3. Genetic Analyses

The entire coding region of the 50 candidate genes were analyzed by amplicon-based
target enrichment and Next-Generation Sequencing (NGS) of the exons and exon-intron
boundaries on Illumina NextSeq2000 system (Illumina, San Diego, CA, USA). The quality
assessment of gDNA was performed on a 0.8% agarose gel, and gDNA was quantified
with a Qubit dsDNA BR Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). A
total of 200 ng of gDNA was used for library preparation with Illumina DNA Prep with
Enrichment kit (Illumina, San Diego, CA, USA). gDNA was tagmented, amplified, and
purified with Illumina Purification Beads (Illumina, San Diego, CA, USA). The size, quality,
and quantity of libraries were assessed with a High Sensitivity DNA kit on a Bioanalyzer
instrument (Agilent Technologies, Santa Clara, CA, USA). A 1000 pM sample of the pooled
library was loaded with NextSeq 1000/2000 P1 reagents (Illumina, San Diego, CA, USA)
and sequenced on an Illumina NextSeq 2000 system (Illumina, San Diego, CA, USA).

4.4. Bioinformatics Analysis: Data Pre-Processing, Mapping, and Variant Calling

The quality assessment of the sequenced reads was conducted employing FastQC
(version 0.11.9) [http://www.bioinformatics.babraham.ac.uk/projects/fastqc/], accessed
on 15 April 2024. Subsequently, Trimmomatic (version 0.39) [72] was utilized to eliminate
adapters and reads of substandard quality. The resultant high-quality reads were aligned
against the reference genome (hg19) via the bwa-mem aligner (0.7.17-r1188) [73]. A thor-
ough coverage analysis ensued through the DepthOfCoverage module of the Genome
Analysis Toolkit (GATK, v4.3.0.0) [https://gatk.broadinstitute.org/]. Notably, all samples
exhibited a coverage of no less than 40X across all 50 panel genes. Following alignment
and coverage assessment, duplicated reads were identified and marked using Picard’s
MarkDuplicates module (version 2.27.5) [https://broadinstitute.github.io/picard/]. Af-
terwards, the quality of every single base call was evaluated and recalibrated through
BQSR (Base Quality Score Recalibration) in order to tackle systematic technical errors.
The BaseRecalibrator and the ApplyBQSR modules of GATK (v4.3.0.0) were used for this
task. Finally, SNVs (Single-Nucleotide Variants) and INDELs (Insertions/Deletions) calling
was executed employing the HaplotypeCaller module of GATK (v4.3.0.0), with the Single-
Nucleotide Polymorphism Database (dbSNP; v150) that served as the reference database
for the variants. To ensure the reliability of identified variants, stringent filtering criteria
were applied in accordance with GATK hard-filtering guidelines. SNVs that met the fol-
lowing criteria were excluded: QUAL (Quality) < 30, DP (Site Depth) < 20, QD (Quality by
Depth) < 2, MQ (Root Mean Square Mapping Quality) < 40, FS (Fisher Strand test) > 60, SOR
(Strand Odds Ratio test) > 3, MQRankSum (Rank Sum test for Mapping Quality) < −12.5,

https://www.ncbi.nlm.nih.gov/gene/
https://www.gsea--msigdb.org/gsea/index.jsp
https://www.gsea--msigdb.org/gsea/index.jsp
https://www.genome.jp/kegg/
http://geneontology.org/
http://geneontology.org/
https://reactome.org/
https://gtexportal.org/home/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://gatk.broadinstitute.org/
https://broadinstitute.github.io/picard/
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ReadPosRankSum (Rank Sum test for Site Position) < −8.0, Genotype GQ (Genotype
Quality) < 20, and Genotype DP (Genotype Depth) < 20.0. INDELs that met the follow-
ing criteria were excluded: QUAL (Quality) < 30, QD (Quality by Depth) < 2, FS (Fisher
Strand test) > 200, ReadPosRankSum (Rank Sum test for Site Position) < −20.0, Genotype
GQ (Genotype Quality) < 20 and Genotype DP (Genotype Depth) < 20. Furthermore,
both SNVs and INDELs with an allele balance < 25% were discarded. At last, the func-
tional impact of each variant was evaluated through ANNOVAR (version 2020-06-08) [74].
Among the many functional annotations applied by ANNOVAR (being manually curated
or from computational tools), the following were of particular interest for the aim of
this study: ClinVar [https://www.ncbi.nlm.nih.gov/clinvar/] [75], CADD (v1.7) [https:
//cadd.gs.washington.edu/] [76], Polyphen-2 (version 2.2.3) [http://genetics.bwh.harvard.
edu/pph2/index.shtml] [77], Sift [https://sift.bii.a--star.edu.sg/] [78], FATHMM (v2.3)
[http://fathmm.biocompute.org.uk/] [79], Mutation Taster [https://www.mutationtaster.
org/] [80], and GERP [http://mendel.stanford.edu/SidowLab/downloads/gerp/] [81], all
accessed on 2 May 2024.

Population frequencies of variants were obtained from the gnomAD (2.1.1) [https:
//gnomad.broadinstitute.org/ (accessed on 27 June 2024)] [82] database. Additional
annotations were retrieved from OMIM [https://www.omim.org/], and HGMD [https:
//www.hgmd.cf.ac.uk/ac/index.php] [83], accessed on 2 May 2024. Protein stability pre-
dictions were performed through I-Mutant (v2.0) [https://folding.biofold.org/i--mutant/
i--mutant2.0.html] [84], MuPro (v1.0) [http://mupro.proteomics.ics.uci.edu/] [85], and
Missense3D-DB (v.1.5.4) [http://missense3d.bc.ic.ac.uk:8080/home] [86], all accessed on
21 May 2024.

4.5. Statistical Analysis

The age at evaluation and age at onset were reported as mean and standard devia-
tion, while categorical variables, as sex, were presented as numbers and percentages. The
normality of continuous features was assessed using the Shapiro–Wilk test and graph-
ical inspection. Kruskal–Wallis test with Dunn’s post hoc tests was used for the group
comparisons of non-normally distributed variables. Chi-squared test was used to analyze
differences in sex distribution among the study groups.

To identify genetic variants with allele frequencies that systematically vary as a
function of age at onset, we performed a single variant association analysis, excluding
GRN/C9orf72 pre-symptomatic carriers. Additive, dominant, and recessive models were
implemented for each diagnostic group to identify variants associated with the age at
onset for specific diagnoses. We focused on non-synonymous variants (missense, splicing,
stop-gain, stop-loss, conservative, or frameshift ins/del variants) that were either low
frequency (0.01 < MAF < 0.05) or common (MAF > 0.05) in our dataset. We modelled the
quantitative trend in onset using linear regression analysis. The estimates were adjusted for
sex, and p-values were corrected using the FDR (Benjamani–Hochberg method with a 5%
threshold). A Cox proportional hazard regression model was used to assess the potential
risk associated with each allele of the selected variants, censoring pre-symptomatic subjects
at their age at evaluation. The estimates were adjusted for sex. The different incidence
rates among genotypes of significant variants were illustrated using Kaplan–Meier curves,
including both patients and pre-symptomatic subjects where applicable, with censoring
at age at evaluation. Additionally, a chi-squared test was performed on the entire sample
to test the association between the presence of specific variants and the diagnosis, with
p-values corrected using FDR (Benjamani–Hochberg method with a 5% threshold). In the
diagnostic groups where more than one subject per family was present, only one patient
for each genealogically unrelated pedigree was considered for the analysis. All analyses
were conducted using R software (version 4.3.2).

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ijms25137457/s1.

https://www.ncbi.nlm.nih.gov/clinvar/
https://cadd.gs.washington.edu/
https://cadd.gs.washington.edu/
http://genetics.bwh.harvard.edu/pph2/index.shtml
http://genetics.bwh.harvard.edu/pph2/index.shtml
https://sift.bii.a--star.edu.sg/
http://fathmm.biocompute.org.uk/
https://www.mutationtaster.org/
https://www.mutationtaster.org/
http://mendel.stanford.edu/SidowLab/downloads/gerp/
https://gnomad.broadinstitute.org/
https://gnomad.broadinstitute.org/
https://www.omim.org/
https://www.hgmd.cf.ac.uk/ac/index.php
https://www.hgmd.cf.ac.uk/ac/index.php
https://folding.biofold.org/i--mutant/i--mutant2.0.html
https://folding.biofold.org/i--mutant/i--mutant2.0.html
http://mupro.proteomics.ics.uci.edu/
http://missense3d.bc.ic.ac.uk:8080/home
https://www.mdpi.com/article/10.3390/ijms25137457/s1
https://www.mdpi.com/article/10.3390/ijms25137457/s1


Int. J. Mol. Sci. 2024, 25, 7457 11 of 15

Author Contributions: Conceptualization, A.P (Alessandro Padovani), G.B. and R.G.; methodology,
A.L., A.G., and A.F.; formal analysis, A.L., A.G., and A.F.; investigation, A.L., S.B., R.N., A.P. (Andrea
Pilotto), C.S., S.F., B.B. and G.B.; resources, A.P. (Andrea Pilotto), B.B., A.P. (Alessandro Padovani),
G.B., and R.G.; data curation, A.L., A.G. and A.F.; writing—original draft preparation, A.L., A.G., A.F
and R.G.; writing—review and editing, S.B., R.N., A.P. (Andrea Pilotto), C.T., I.L., C.S., S.F., B.B., A.P.
(Alessandro Padovani) and G.B.; visualization, A.L., S.B. and A.G.; supervision, A.P. (Alessandro
Padovani), G.B. and R.G.; project administration, G.B.; funding acquisition, G.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This research was funded by the Italian Ministry of Health, Italy, Ricerca Finalizzata (Grant
RF-2019-12369272).

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the local Ethics Committee “Comitato Etico IRCCS San Giovanni di
Dio Fatebenefratelli” of the IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia (Prot. N.
79/2020, date of approval 21 December 2020) and by local Ethics committee of the ASST Spedali
Civili of Brescia (Prot NP 1471, DMA, Brescia, approved in its last version on 20 December 2020).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data presented in this study are available in the Zenodo Data
Repository at doi: 10.5281/zenodo.11659282 [87].

Acknowledgments: The Molecular Markers Lab researchers and all the authors mourn the sudden
loss of Luisa Benussi. Luisa Benussi passed away on 26 June 2023, at the age of 51. She was the PI of
the project and we would like to dedicate these results to her. Dear friend and colleague, you are
always with us, beside us.

Conflicts of Interest: The authors declare no conflicts of interest. The funders had no role in the
design of the study; in the collection, analyses, or interpretation of data; in the writing of the
manuscript; or in the decision to publish the results.

References
1. 2024 Alzheimer’s Disease Facts and Figures. Alzheimer’s Dement. 2024, 20, 3708–3821. [CrossRef]
2. Brion, J.P. Neurofibrillary Tangles and Alzheimer’s Disease. Eur. Neurol. 1998, 40, 130–140. [CrossRef]
3. Querfurth, H.W.; LaFerla, F.M. Alzheimer’s Disease. N. Engl. J. Med. 2010, 362, 329–344. [CrossRef]
4. Ratnavalli, E.; Brayne, C.; Dawson, K.; Hodges, J.R. The Prevalence of Frontotemporal Dementia. Neurology 2002, 58, 1615–1621.

[CrossRef] [PubMed]
5. Neumann, M.; Mackenzie, I.R.A. Review: Neuropathology of Non-Tau Frontotemporal Lobar Degeneration. Neuropathol. Appl.

Neurobiol. 2019, 45, 19–40. [CrossRef]
6. Rohrer, J.D.; Guerreiro, R.; Vandrovcova, J.; Uphill, J.; Reiman, D.; Beck, J.; Isaacs, A.M.; Authier, A.; Ferrari, R.; Fox, N.C.; et al.

The Heritability and Genetics of Frontotemporal Lobar Degeneration. Neurology 2009, 73, 1451–1456. [CrossRef] [PubMed]
7. Rademakers, R.; Neumann, M.; Mackenzie, I.R. Advances in Understanding the Molecular Basis of Frontotemporal Dementia.

Nat. Rev. Neurol. 2012, 8, 423–434. [CrossRef] [PubMed]
8. Fostinelli, S.; Ciani, M.; Zanardini, R.; Zanetti, O.; Binetti, G.; Ghidoni, R.; Benussi, L. The Heritability of Frontotemporal Lobar

Degeneration: Validation of Pedigree Classification Criteria in a Northern Italy Cohort. J. Alzheimer’s Dis. 2018, 61, 753–760.
[CrossRef]

9. DeJesus-Hernandez, M.; Mackenzie, I.R.; Boeve, B.F.; Boxer, A.L.; Baker, M.; Rutherford, N.J.; Nicholson, A.M.; Finch, N.A.; Flynn,
H.; Adamson, J.; et al. Expanded GGGGCC Hexanucleotide Repeat in Noncoding Region of C9ORF72 Causes Chromosome
9p-Linked FTD and ALS. Neuron 2011, 72, 245–256. [CrossRef]

10. Renton, A.E.; Majounie, E.; Waite, A.; Simón-Sánchez, J.; Rollinson, S.; Gibbs, J.R.; Schymick, J.C.; Laaksovirta, H.; van Swieten,
J.C.; Myllykangas, L.; et al. A Hexanucleotide Repeat Expansion in C9ORF72 is the Cause of Chromosome 9p21-Linked ALS-FTD.
Neuron 2011, 72, 257–268. [CrossRef]

11. Baker, M.; Mackenzie, I.R.; Pickering-Brown, S.M.; Gass, J.; Rademakers, R.; Lindholm, C.; Snowden, J.; Adamson, J.; Sadovnick,
A.D.; Rollinson, S.; et al. Mutations in Progranulin Cause Tau-Negative Frontotemporal Dementia Linked to Chromosome 17.
Nature 2006, 442, 916–919. [CrossRef] [PubMed]

12. Cruts, M.; Gijselinck, I.; van der Zee, J.; Engelborghs, S.; Wils, H.; Pirici, D.; Rademakers, R.; Vandenberghe, R.; Dermaut, B.;
Martin, J.; et al. Null Mutations in Progranulin Cause Ubiquitin-Positive Frontotemporal Dementia Linked to Chromosome 17q21.
Nature 2006, 442, 920–924. [CrossRef]

https://doi.org/10.1002/alz.13809
https://doi.org/10.1159/000007969
https://doi.org/10.1056/NEJMra0909142
https://doi.org/10.1212/WNL.58.11.1615
https://www.ncbi.nlm.nih.gov/pubmed/12058088
https://doi.org/10.1111/nan.12526
https://doi.org/10.1212/WNL.0b013e3181bf997a
https://www.ncbi.nlm.nih.gov/pubmed/19884572
https://doi.org/10.1038/nrneurol.2012.117
https://www.ncbi.nlm.nih.gov/pubmed/22732773
https://doi.org/10.3233/JAD-170661
https://doi.org/10.1016/j.neuron.2011.09.011
https://doi.org/10.1016/j.neuron.2011.09.010
https://doi.org/10.1038/nature05016
https://www.ncbi.nlm.nih.gov/pubmed/16862116
https://doi.org/10.1038/nature05017


Int. J. Mol. Sci. 2024, 25, 7457 12 of 15

13. Hutton, M.; Lendon, C.L.; Rizzu, P.; Baker, M.; Froelich, S.; Houlden, H.; Pickering-Brown, S.; Chakraverty, S.; Isaacs, A.; Grover,
A.; et al. Association of Missense and 5′-Splice-Site Mutations in Tau with the Inherited Dementia FTDP-17. Nature 1998, 393,
702–705. [CrossRef] [PubMed]

14. Poorkaj, P.; Bird, T.D.; Wijsman, E.; Nemens, E.; Garruto, R.M.; Anderson, L.; Andreadis, A.; Wiederholt, W.C.; Raskind, M.;
Schellenberg, G.D. Tau is a Candidate Gene for Chromosome 17 Frontotemporal Dementia. Ann. Neurol. 1998, 43, 815–825.
[CrossRef] [PubMed]

15. Tang, X.; Toro, A.; Sahana, T.G.; Gao, J.; Chalk, J.; Oskarsson, B.; Zhang, K. Correction to: Divergence, Convergence, and
Therapeutic Implications: A Cell Biology Perspective of C9ORF72-ALS/FTD. Mol. Neurodegener. 2020, 15, 34. [CrossRef]

16. van der Zee, J.; Gijselinck, I.; Dillen, L.; Van Langenhove, T.; Theuns, J.; Engelborghs, S.; Philtjens, S.; Vandenbulcke, M.; Sleegers,
K.; Sieben, A.; et al. A Pan-European Study of the C9orf72 Repeat Associated with FTLD: Geographic Prevalence, Genomic
Instability, and Intermediate Repeats. Hum. Mutat. 2013, 34, 363–373. [CrossRef] [PubMed]

17. Benussi, L.; Rossi, G.; Glionna, M.; Tonoli, E.; Piccoli, E.; Fostinelli, S.; Paterlini, A.; Flocco, R.; Albani, D.; Pantieri, R.; et al.
C9ORF72 Hexanucleotide Repeat Number in Frontotemporal Lobar Degeneration: A Genotype-Phenotype Correlation Study.
J. Alzheimer’s Dis. 2014, 38, 799–808. [CrossRef] [PubMed]

18. Benussi, L.; Ghidoni, R.; Pegoiani, E.; Moretti, D.V.; Zanetti, O.; Binetti, G. Progranulin Leu271LeufsX10 is One of the most
Common FTLD and CBS Associated Mutations Worldwide. Neurobiol. Dis. 2009, 33, 379–385. [CrossRef]

19. Ghidoni, R.; Benussi, L.; Glionna, M.; Franzoni, M.; Binetti, G. Low Plasma Progranulin Levels Predict Progranulin Mutations in
Frontotemporal Lobar Degeneration. Neurology 2008, 71, 1235–1239. [CrossRef]

20. Wang, X.; Zeng, P.; Fang, Y.; Zhang, T.; Tian, Q. Progranulin in Neurodegenerative Dementia. J. Neurochem. 2021, 158, 119–137.
[CrossRef]

21. Holler, C.J.; Taylor, G.; Deng, Q.; Kukar, T. Intracellular Proteolysis of Progranulin Generates Stable, Lysosomal Granulins that are
Haploinsufficient in Patients with Frontotemporal Dementia Caused by GRN Mutations. eNeuro 2017, 4, ENEURO.0100-17.2017.
[CrossRef]

22. Hu, F.; Padukkavidana, T.; Vægter, C.B.; Brady, O.A.; Zheng, Y.; Mackenzie, I.R.; Feldman, H.H.; Nykjaer, A.; Strittmatter, S.M.
Sortilin-Mediated Endocytosis Determines Levels of the Frontotemporal Dementia Protein, Progranulin. Neuron 2010, 68, 654–667.
[CrossRef] [PubMed]

23. Tanaka, Y.; Suzuki, G.; Matsuwaki, T.; Hosokawa, M.; Serrano, G.; Beach, T.G.; Yamanouchi, K.; Hasegawa, M.; Nishihara, M.
Progranulin Regulates Lysosomal Function and Biogenesis through Acidification of Lysosomes. Hum. Mol. Genet. 2017, 26,
969–988. [CrossRef] [PubMed]

24. Lui, H.; Zhang, J.; Makinson, S.R.; Cahill, M.K.; Kelley, K.W.; Huang, H.; Shang, Y.; Oldham, M.C.; Martens, L.H.; Gao, F.; et al.
Progranulin Deficiency Promotes Circuit-Specific Synaptic Pruning by Microglia Via Complement Activation. Cell 2016, 165,
921–935. [CrossRef]

25. O’Rourke, J.G.; Bogdanik, L.; Yáñez, A.; Lall, D.; Wolf, A.J.; Muhammad, A.K.M.G.; Ho, R.; Carmona, S.; Vit, J.P.; Zarrow, J.; et al.
C9orf72 is Required for Proper Macrophage and Microglial Function in Mice. Science 2016, 351, 1324–1329. [CrossRef] [PubMed]

26. Mason, H.D.; McGavern, D.B. How the Immune System Shapes Neurodegenerative Diseases. Trends Neurosci. 2022, 45, 733–748.
[CrossRef] [PubMed]

27. Zhang, W.; Xiao, D.; Mao, Q.; Xia, H. Role of Neuroinflammation in Neurodegeneration Development. Signal Transduct.
Target. Ther. 2023, 8, 267. [CrossRef] [PubMed]

28. Doty, K.R.; Guillot-Sestier, M.; Town, T. The Role of the Immune System in Neurodegenerative Disorders: Adaptive or Maladap-
tive? Brain Res. 2015, 1617, 155–173. [CrossRef] [PubMed]

29. Mayne, K.; White, J.A.; McMurran, C.E.; Rivera, F.J.; de la Fuente, A.G. Aging and Neurodegenerative Disease: Is the Adaptive
Immune System a Friend or Foe? Front. Aging Neurosci. 2020, 12, 572090. [CrossRef]

30. Palese, F.; Bonomi, E.; Nuzzo, T.; Benussi, A.; Mellone, M.; Zianni, E.; Cisani, F.; Casamassa, A.; Alberici, A.; Scheggia, D.; et al.
Anti-GluA3 Antibodies in Frontotemporal Dementia: Effects on Glutamatergic Neurotransmission and Synaptic Failure. Neurobiol.
Aging 2020, 86, 143–155. [CrossRef]

31. Lim, B.; Prassas, I.; Diamandis, E.P. Alzheimer Disease Pathogenesis: The Role of Autoimmunity. J. Appl. Lab. Med. 2021, 6,
756–764. [CrossRef]

32. Sardi, F.; Fassina, L.; Venturini, L.; Inguscio, M.; Guerriero, F.; Rolfo, E.; Ricevuti, G. Alzheimer’s Disease, Autoimmunity and
Inflammation. The Good, the Bad and the Ugly. Autoimmun. Rev. 2011, 11, 149–153. [CrossRef] [PubMed]

33. Bossù, P.; Salani, F.; Alberici, A.; Archetti, S.; Bellelli, G.; Galimberti, D.; Scarpini, E.; Spalletta, G.; Caltagirone, C.; Padovani,
A.; et al. Loss of Function Mutations in the Progranulin Gene are Related to Pro-Inflammatory Cytokine Dysregulation in
Frontotemporal Lobar Degeneration Patients. J. Neuroinflamm. 2011, 8, 65. [CrossRef]

34. van Swieten, J.C.; Heutink, P. Mutations in Progranulin (GRN) within the Spectrum of Clinical and Pathological Phenotypes of
Frontotemporal Dementia. Lancet Neurol. 2008, 7, 965–974. [CrossRef] [PubMed]

35. Brettschneider, J.; Toledo, J.B.; Van Deerlin, V.M.; Elman, L.; McCluskey, L.; Lee, V.M.; Trojanowski, J.Q. Microglial Activation
Correlates with Disease Progression and Upper Motor Neuron Clinical Symptoms in Amyotrophic Lateral Sclerosis. PLoS ONE
2012, 7, e39216. [CrossRef] [PubMed]

https://doi.org/10.1038/31508
https://www.ncbi.nlm.nih.gov/pubmed/9641683
https://doi.org/10.1002/ana.410430617
https://www.ncbi.nlm.nih.gov/pubmed/9629852
https://doi.org/10.1186/s13024-020-00383-7
https://doi.org/10.1002/humu.22244
https://www.ncbi.nlm.nih.gov/pubmed/23111906
https://doi.org/10.3233/JAD-131028
https://www.ncbi.nlm.nih.gov/pubmed/24064469
https://doi.org/10.1016/j.nbd.2008.11.008
https://doi.org/10.1212/01.wnl.0000325058.10218.fc
https://doi.org/10.1111/jnc.15378
https://doi.org/10.1523/ENEURO.0100-17.2017
https://doi.org/10.1016/j.neuron.2010.09.034
https://www.ncbi.nlm.nih.gov/pubmed/21092856
https://doi.org/10.1093/hmg/ddx011
https://www.ncbi.nlm.nih.gov/pubmed/28073925
https://doi.org/10.1016/j.cell.2016.04.001
https://doi.org/10.1126/science.aaf1064
https://www.ncbi.nlm.nih.gov/pubmed/26989253
https://doi.org/10.1016/j.tins.2022.08.001
https://www.ncbi.nlm.nih.gov/pubmed/36075783
https://doi.org/10.1038/s41392-023-01486-5
https://www.ncbi.nlm.nih.gov/pubmed/37433768
https://doi.org/10.1016/j.brainres.2014.09.008
https://www.ncbi.nlm.nih.gov/pubmed/25218556
https://doi.org/10.3389/fnagi.2020.572090
https://doi.org/10.1016/j.neurobiolaging.2019.10.015
https://doi.org/10.1093/jalm/jfaa171
https://doi.org/10.1016/j.autrev.2011.09.005
https://www.ncbi.nlm.nih.gov/pubmed/21996556
https://doi.org/10.1186/1742-2094-8-65
https://doi.org/10.1016/S1474-4422(08)70194-7
https://www.ncbi.nlm.nih.gov/pubmed/18771956
https://doi.org/10.1371/journal.pone.0039216
https://www.ncbi.nlm.nih.gov/pubmed/22720079


Int. J. Mol. Sci. 2024, 25, 7457 13 of 15

36. Kunkle, B.W.; Grenier-Boley, B.; Sims, R.; Bis, J.C.; Damotte, V.; Naj, A.C.; Boland, A.; Vronskaya, M.; van der Lee, S.J.; Amlie-Wolf,
A.; et al. Genetic Meta-Analysis of Diagnosed Alzheimer’s Disease Identifies New Risk Loci and Implicates Aβ, Tau, Immunity
and Lipid Processing. Nat. Genet. 2019, 51, 414–430. [CrossRef] [PubMed]

37. Ferrari, R.; Hernandez, D.G.; Nalls, M.A.; Rohrer, J.D.; Ramasamy, A.; Kwok, J.B.J.; Dobson-Stone, C.; Brooks, W.S.; Schofield, P.R.;
Halliday, G.M.; et al. Frontotemporal Dementia and its Subtypes: A Genome-Wide Association Study. Lancet Neurol. 2014, 13,
686–699. [CrossRef]

38. Zhang, M.; Ferrari, R.; Tartaglia, M.C.; Keith, J.; Surace, E.I.; Wolf, U.; Sato, C.; Grinberg, M.; Liang, Y.; Xi, Z.; et al. A
C6orf10/LOC101929163 Locus is Associated with Age of Onset in C9orf72 Carriers. Brain 2018, 141, 2895–2907. [CrossRef]

39. Moore, K.M.; Nicholas, J.; Grossman, M.; McMillan, C.T.; Irwin, D.J.; Massimo, L.; Van Deerlin, V.M.; Warren, J.D.; Fox,
N.C.; Rossor, M.N.; et al. Age at Symptom Onset and Death and Disease Duration in Genetic Frontotemporal Dementia: An
International Retrospective Cohort Study. Lancet Neurol. 2020, 19, 145–156. [CrossRef]

40. Pottier, C.; Zhou, X.; Perkerson, R.B., III; Baker, M.; Jenkins, G.D.; Serie, D.J.; Ghidoni, R.; Benussi, L.; Binetti, G.; López de Munain,
A.; et al. Potential Genetic Modifiers of Disease Risk and Age at Onset in Patients with Frontotemporal Lobar Degeneration and
GRN Mutations: A Genome-Wide Association Study. Lancet Neurol. 2018, 17, 548–558. [CrossRef]

41. Barbier, M.; Camuzat, A.; Hachimi, K.E.; Guegan, J.; Rinaldi, D.; Lattante, S.; Houot, M.; Sánchez-Valle, R.; Sabatelli, M.; Antonell,
A.; et al. SLITRK2, an X-Linked Modifier of the Age at Onset in C9orf72 Frontotemporal Lobar Degeneration. Brain 2021, 144,
2798–2811. [CrossRef] [PubMed]

42. Zambenedetti, P.; De Bellis, G.; Biunno, I.; Musicco, M.; Zatta, P. Transferrin C2 Variant does Confer a Risk for Alzheimer’s
Disease in Caucasians. J. Alzheimer’s Dis. 2003, 5, 423–427. [CrossRef] [PubMed]

43. Wang, Y.; Xu, S.; Liu, Z.; Lai, C.; Xie, Z.; Zhao, C.; Wei, Y.; Bi, J.Z. Meta-Analysis on the Association between the TF Gene rs1049296
and AD. Can. J. Neurol. Sci. 2013, 40, 691–697. [CrossRef] [PubMed]

44. Bowman, B.H.; Yang, F.M.; Adrian, G.S. Transferrin: Evolution and Genetic Regulation of Expression. Adv. Genet. 1988, 25, 1–38.
[CrossRef] [PubMed]

45. Hershberger, C.L.; Larson, J.L.; Arnold, B.; Rosteck, P.R.J.; Williams, P.; DeHoff, B.; Dunn, P.; O’Neal, K.L.; Riemen, M.W.; Tice, P.A.
A Cloned Gene for Human Transferrin. Ann. N. Y. Acad. Sci. 1991, 646, 140–154. [CrossRef]

46. Gomme, P.T.; McCann, K.B.; Bertolini, J. Transferrin: Structure, Function and Potential Therapeutic Actions. Drug Discov. Today
2005, 10, 267–273. [CrossRef]

47. Namekata, K.; Oyama, F.; Imagawa, M.; Ihara, Y. Human Transferrin (Tf): A Single Mutation at Codon 570 Determines Tf C1 Or
Tf C2 Variant. Hum. Genet. 1997, 100, 457–458. [CrossRef]

48. Kauwe, J.S.K.; Bertelsen, S.; Mayo, K.; Cruchaga, C.; Abraham, R.; Hollingworth, P.; Harold, D.; Owen, M.J.; Williams, J.;
Lovestone, S.; et al. Suggestive Synergy between Genetic Variants in TF and HFE as Risk Factors for Alzheimer’s Disease. Am. J.
Med. Genet. B Neuropsychiatr. Genet. 2010, 153, 955–959. [CrossRef]

49. Robson, K.J.H.; Lehmann, D.J.; Wimhurst, V.L.C.; Livesey, K.J.; Combrinck, M.; Merryweather-Clarke, A.T.; Warden, D.R.; Smith,
A.D. Synergy between the C2 Allele of Transferrin and the C282Y Allele of the Haemochromatosis Gene (HFE) as Risk Factors for
Developing Alzheimer’s Disease. J. Med. Genet. 2004, 41, 261–265. [CrossRef]

50. Lehmann, D.J.; Schuur, M.; Warden, D.R.; Hammond, N.; Belbin, O.; Kölsch, H.; Lehmann, M.G.; Wilcock, G.K.; Brown, K.; Kehoe,
P.G.; et al. Transferrin and HFE Genes Interact in Alzheimer’s Disease Risk: The Epistasis Project. Neurobiol. Aging 2012, 33,
202.e1–202.e13. [CrossRef]

51. Kauwe, J.S.K.; Wang, J.; Mayo, K.; Morris, J.C.; Fagan, A.M.; Holtzman, D.M.; Goate, A.M. Alzheimer’s Disease Risk Variants
show Association with Cerebrospinal Fluid Amyloid Beta. Neurogenetics 2009, 10, 13–17. [CrossRef] [PubMed]

52. Pal, A.; Cerchiaro, G.; Rani, I.; Ventriglia, M.; Rongioletti, M.; Longobardi, A.; Squitti, R. Iron in Alzheimer’s Disease: From
Physiology to Disease Disabilities. Biomolecules 2022, 12, 1248. [CrossRef] [PubMed]

53. Vogt, L.; Schrimpf, S.P.; Meskenaite, V.; Frischknecht, R.; Kinter, J.; Leone, D.P.; Ziegler, U.; Sonderegger, P. Calsyntenin-1, a
Proteolytically Processed Postsynaptic Membrane Protein with a Cytoplasmic Calcium-Binding Domain. Mol. Cell. Neurosci.
2001, 17, 151–166. [CrossRef] [PubMed]

54. Araki, Y.; Kawano, T.; Taru, H.; Saito, Y.; Wada, S.; Miyamoto, K.; Kobayashi, H.; Ishikawa, H.O.; Ohsugi, Y.; Yamamoto, T.; et al.
The Novel Cargo Alcadein Induces Vesicle Association of Kinesin-1 Motor Components and Activates Axonal Transport. EMBO J.
2007, 26, 1475–1486. [CrossRef]

55. Araki, Y.; Tomita, S.; Yamaguchi, H.; Miyagi, N.; Sumioka, A.; Kirino, Y.; Suzuki, T. Novel Cadherin-Related Membrane Proteins,
Alcadeins, Enhance the X11-Like Protein-Mediated Stabilization of Amyloid Beta-Protein Precursor Metabolism. J. Biol. Chem.
2003, 278, 49448–49458. [CrossRef]

56. Ludwig, A.; Blume, J.; Diep, T.; Yuan, J.; Mateos, J.M.; Leuthäuser, K.; Steuble, M.; Streit, P.; Sonderegger, P. Calsyntenins Mediate
TGN Exit of APP in a Kinesin-1-Dependent Manner. Traffic 2009, 10, 572–589. [CrossRef]

57. Vagnoni, A.; Perkinton, M.S.; Gray, E.H.; Francis, P.T.; Noble, W.; Miller, C.C.J. Calsyntenin-1 Mediates Axonal Transport of the
Amyloid Precursor Protein and Regulates Aβ Production. Hum. Mol. Genet. 2012, 21, 2845–2854. [CrossRef]

58. Gotoh, N.; Saito, Y.; Hata, S.; Saito, H.; Ojima, D.; Murayama, C.; Shigeta, M.; Abe, T.; Konno, D.; Matsuzaki, F.; et al.
Amyloidogenic Processing of Amyloid B Protein Precursor (APP) is Enhanced in the Brains of Alcadein A-Deficient Mice. J. Biol.
Chem. 2020, 295, 9650–9662. [CrossRef]

https://doi.org/10.1038/s41588-019-0358-2
https://www.ncbi.nlm.nih.gov/pubmed/30820047
https://doi.org/10.1016/S1474-4422(14)70065-1
https://doi.org/10.1093/brain/awy238
https://doi.org/10.1016/S1474-4422(19)30394-1
https://doi.org/10.1016/S1474-4422(18)30126-1
https://doi.org/10.1093/brain/awab171
https://www.ncbi.nlm.nih.gov/pubmed/34687211
https://doi.org/10.3233/JAD-2003-5601
https://www.ncbi.nlm.nih.gov/pubmed/14757931
https://doi.org/10.1017/S0317167100014931
https://www.ncbi.nlm.nih.gov/pubmed/23968943
https://doi.org/10.1016/s0065-2660(08)60457-5
https://www.ncbi.nlm.nih.gov/pubmed/3057819
https://doi.org/10.1111/j.1749-6632.1991.tb18573.x
https://doi.org/10.1016/S1359-6446(04)03333-1
https://doi.org/10.1007/s004390050533
https://doi.org/10.1002/ajmg.b.31053
https://doi.org/10.1136/jmg.2003.015552
https://doi.org/10.1016/j.neurobiolaging.2010.07.018
https://doi.org/10.1007/s10048-008-0150-4
https://www.ncbi.nlm.nih.gov/pubmed/18813964
https://doi.org/10.3390/biom12091248
https://www.ncbi.nlm.nih.gov/pubmed/36139084
https://doi.org/10.1006/mcne.2000.0937
https://www.ncbi.nlm.nih.gov/pubmed/11161476
https://doi.org/10.1038/sj.emboj.7601609
https://doi.org/10.1074/jbc.M306024200
https://doi.org/10.1111/j.1600-0854.2009.00886.x
https://doi.org/10.1093/hmg/dds109
https://doi.org/10.1074/jbc.RA119.012386


Int. J. Mol. Sci. 2024, 25, 7457 14 of 15

59. Remnestål, J.; Öijerstedt, L.; Ullgren, A.; Olofsson, J.; Bergström, S.; Kultima, K.; Ingelsson, M.; Kilander, L.; Uhlén, M.;
Månberg, A.; et al. Altered Levels of CSF Proteins in Patients with FTD, Presymptomatic Mutation Carriers and Non-Carriers.
Transl. Neurodegener. 2020, 9, 27. [CrossRef]

60. Belbin, O.; Irwin, D.J.; Alcolea, D.; Illán-Gala, I.; Santos-Santos, M.; McMillan, C.T.; Dolcet, S.S.; Dols-Icardo, O.; Cervantes-
González, A.; Querol-Vilaseca, M.; et al. Calsyntenin-1 is a Cerebrospinal Fluid Marker of Frontotemporal Dementia-Related
Synapse Degeneration. Alzheimer’s Dement. 2021, 17, e057453. [CrossRef]

61. Cervantes González, A.; Irwin, D.J.; Alcolea, D.; McMillan, C.T.; Chen-Plotkin, A.; Wolk, D.; Sirisi, S.; Dols-Icardo, O.; Querol-
Vilaseca, M.; Illán-Gala, I.; et al. Multimarker Synaptic Protein Cerebrospinal Fluid Panels Reflect TDP-43 Pathology and
Cognitive Performance in a Pathological Cohort of Frontotemporal Lobar Degeneration. Mol. Neurodegener. 2022, 17, 29.
[CrossRef] [PubMed]

62. Bergström, S.; Öijerstedt, L.; Remnestål, J.; Olofsson, J.; Ullgren, A.; Seelaar, H.; van Swieten, J.C.; Synofzik, M.; Sanchez-Valle, R.;
Moreno, F.; et al. A Panel of CSF Proteins Separates Genetic Frontotemporal Dementia from Presymptomatic Mutation Carriers:
A GENFI Study. Mol. Neurodegener. 2021, 16, 79. [CrossRef] [PubMed]

63. Dafinca, R.; Scaber, J.; Ababneh, N.; Lalic, T.; Weir, G.; Christian, H.; Vowles, J.; Douglas, A.G.L.; Fletcher-Jones, A.;
Browne, C.; et al. C9orf72 Hexanucleotide Expansions are Associated with Altered Endoplasmic Reticulum Calcium Homeostasis
and Stress Granule Formation in Induced Pluripotent Stem Cell-Derived Neurons from Patients with Amyotrophic Lateral
Sclerosis and Frontotemporal Dementia. Stem Cells 2016, 34, 2063–2078. [CrossRef]

64. Dafinca, R.; Barbagallo, P.; Farrimond, L.; Candalija, A.; Scaber, J.; Ababneh, N.A.; Sathyaprakash, C.; Vowles, J.; Cowley, S.A.;
Talbot, K. Impairment of Mitochondrial Calcium Buffering Links Mutations in C9ORF72 and TARDBP in iPS-Derived Motor
Neurons from Patients with ALS/FTD. Stem Cell Rep. 2020, 14, 892–908. [CrossRef]

65. McKhann, G.; Drachman, D.; Folstein, M.; Katzman, R.; Price, D.; Stadlan, E.M. Clinical Diagnosis of Alzheimer’s Disease:
Report of the NINCDS-ADRDA Work Group Under the Auspices of Department of Health and Human Services Task Force on
Alzheimer’s Disease. Neurology 1984, 34, 939–944. [CrossRef] [PubMed]

66. McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R.J.; Kawas, C.H.; Klunk, W.E.; Koroshetz, W.J.; Manly,
J.J.; Mayeux, R.; et al. The Diagnosis of Dementia due to Alzheimer’s Disease: Recommendations from the National Institute
on Aging-Alzheimer’s Association Workgroups on Diagnostic Guidelines for Alzheimer’s Disease. Alzheimer’s Dement. 2011, 7,
263–269. [CrossRef]

67. Neary, D.; Snowden, J.S.; Gustafson, L.; Passant, U.; Stuss, D.; Black, S.; Freedman, M.; Kertesz, A.; Robert, P.H.; Albert, M.; et al.
Frontotemporal Lobar Degeneration: A Consensus on Clinical Diagnostic Criteria. Neurology 1998, 51, 1546–1554. [CrossRef]

68. Gorno-Tempini, M.L.; Hillis, A.E.; Weintraub, S.; Kertesz, A.; Mendez, M.; Cappa, S.F.; Ogar, J.M.; Rohrer, J.D.; Black, S.; Boeve,
B.F.; et al. Classification of Primary Progressive Aphasia and its Variants. Neurology 2011, 76, 1006–1014. [CrossRef]

69. Rascovsky, K.; Hodges, J.R.; Knopman, D.; Mendez, M.F.; Kramer, J.H.; Neuhaus, J.; van Swieten, J.C.; Seelaar, H.; Dopper, E.G.P.;
Onyike, C.U.; et al. Sensitivity of Revised Diagnostic Criteria for the Behavioural Variant of Frontotemporal Dementia. Brain
2011, 134, 2456–2477. [CrossRef]

70. Premi, E.; Formenti, A.; Gazzina, S.; Archetti, S.; Gasparotti, R.; Padovani, A.; Borroni, B. Effect of TMEM106B Polymorphism on
Functional Network Connectivity in Asymptomatic GRN Mutation Carriers. JAMA Neurol. 2014, 71, 216–221. [CrossRef]

71. Benussi, A.; Cosseddu, M.; Filareto, I.; Dell’Era, V.; Archetti, S.; Sofia Cotelli, M.; Micheli, A.; Padovani, A.; Borroni, B. Impaired
Long-Term Potentiation-Like Cortical Plasticity in Presymptomatic Genetic Frontotemporal Dementia. Ann. Neurol. 2016, 80,
472–476. [CrossRef] [PubMed]

72. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A Flexible Trimmer for Illumina Sequence Data. Bioinformatics 2014, 30,
2114–2120. [CrossRef] [PubMed]

73. Li, H.; Durbin, R. Fast and Accurate Long-Read Alignment with Burrows-Wheeler Transform. Bioinformatics 2010, 26, 589–595.
[CrossRef] [PubMed]

74. Wang, K.; Li, M.; Hakonarson, H. ANNOVAR: Functional Annotation of Genetic Variants from High-Throughput Sequencing
Data. Nucleic Acids Res. 2010, 38, e164. [CrossRef] [PubMed]

75. Landrum, M.J.; Lee, J.M.; Riley, G.R.; Jang, W.; Rubinstein, W.S.; Church, D.M.; Maglott, D.R. ClinVar: Public Archive of
Relationships among Sequence Variation and Human Phenotype. Nucleic Acids Res. 2014, 42, 980. [CrossRef]

76. Kircher, M.; Witten, D.M.; Jain, P.; O’Roak, B.J.; Cooper, G.M.; Shendure, J. A General Framework for Estimating the Relative
Pathogenicity of Human Genetic Variants. Nat. Genet. 2014, 46, 310–315. [CrossRef] [PubMed]

77. Adzhubei, I.A.; Schmidt, S.; Peshkin, L.; Ramensky, V.E.; Gerasimova, A.; Bork, P.; Kondrashov, A.S.; Sunyaev, S.R. A Method and
Server for Predicting Damaging Missense Mutations. Nat. Methods 2010, 7, 248–249. [CrossRef]

78. Ng, P.C.; Henikoff, S. SIFT: Predicting Amino Acid Changes that Affect Protein Function. Nucleic Acids Res. 2003, 31, 3812–3814.
[CrossRef]

79. Shihab, H.A.; Gough, J.; Cooper, D.N.; Stenson, P.D.; Barker, G.L.A.; Edwards, K.J.; Day, I.N.M.; Gaunt, T.R. Predicting the
Functional, Molecular, and Phenotypic Consequences of Amino Acid Substitutions using Hidden Markov Models. Hum. Mutat.
2013, 34, 57–65. [CrossRef]

80. Schwarz, J.M.; Cooper, D.N.; Schuelke, M.; Seelow, D. MutationTaster2: Mutation Prediction for the Deep-Sequencing Age.
Nat. Methods 2014, 11, 361–362. [CrossRef]

https://doi.org/10.1186/s40035-020-00198-y
https://doi.org/10.1002/alz.057453
https://doi.org/10.1186/s13024-022-00534-y
https://www.ncbi.nlm.nih.gov/pubmed/35395770
https://doi.org/10.1186/s13024-021-00499-4
https://www.ncbi.nlm.nih.gov/pubmed/34838088
https://doi.org/10.1002/stem.2388
https://doi.org/10.1016/j.stemcr.2020.03.023
https://doi.org/10.1212/WNL.34.7.939
https://www.ncbi.nlm.nih.gov/pubmed/6610841
https://doi.org/10.1016/j.jalz.2011.03.005
https://doi.org/10.1212/WNL.51.6.1546
https://doi.org/10.1212/WNL.0b013e31821103e6
https://doi.org/10.1093/brain/awr179
https://doi.org/10.1001/jamaneurol.2013.4835
https://doi.org/10.1002/ana.24731
https://www.ncbi.nlm.nih.gov/pubmed/27438089
https://doi.org/10.1093/bioinformatics/btu170
https://www.ncbi.nlm.nih.gov/pubmed/24695404
https://doi.org/10.1093/bioinformatics/btp698
https://www.ncbi.nlm.nih.gov/pubmed/20080505
https://doi.org/10.1093/nar/gkq603
https://www.ncbi.nlm.nih.gov/pubmed/20601685
https://doi.org/10.1093/nar/gkt1113
https://doi.org/10.1038/ng.2892
https://www.ncbi.nlm.nih.gov/pubmed/24487276
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1093/nar/gkg509
https://doi.org/10.1002/humu.22225
https://doi.org/10.1038/nmeth.2890


Int. J. Mol. Sci. 2024, 25, 7457 15 of 15

81. Davydov, E.V.; Goode, D.L.; Sirota, M.; Cooper, G.M.; Sidow, A.; Batzoglou, S. Identifying a High Fraction of the Human Genome
to be Under Selective Constraint using GERP++. PLoS Comput. Biol. 2010, 6, e1001025. [CrossRef] [PubMed]

82. Karczewski, K.J.; Francioli, L.C.; Tiao, G.; Cummings, B.B.; Alföldi, J.; Wang, Q.; Collins, R.L.; Laricchia, K.M.; Ganna, A.;
Birnbaum, D.P.; et al. The Mutational Constraint Spectrum Quantified from Variation in 141,456 Humans. Nature 2020, 581,
434–443. [CrossRef]

83. Stenson, P.D.; Mort, M.; Ball, E.V.; Shaw, K.; Phillips, A.; Cooper, D.N. The Human Gene Mutation Database: Building
a Comprehensive Mutation Repository for Clinical and Molecular Genetics, Diagnostic Testing and Personalized Genomic
Medicine. Hum. Genet. 2014, 133, 1–9. [CrossRef] [PubMed]

84. Capriotti, E.; Fariselli, P.; Casadio, R. I-Mutant2.0: Predicting Stability Changes upon Mutation from the Protein Sequence or
Structure. Nucleic Acids Res. 2005, 33, 306. [CrossRef]

85. Cheng, J.; Randall, A.; Baldi, P. Prediction of Protein Stability Changes for Single-Site Mutations using Support Vector Machines.
Proteins 2006, 62, 1125–1132. [CrossRef] [PubMed]

86. Khanna, T.; Hanna, G.; Sternberg, M.J.E.; David, A. Missense3D-DB Web Catalogue: An Atom-Based Analysis and Repository of
4M Human Protein-Coding Genetic Variants. Hum. Genet. 2021, 140, 805–812. [CrossRef]

87. Longobardi, A. Raw Data Paper Variants RF2019; [Data set]; Zenodo: Geneve, Switzerland, 2024. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1371/journal.pcbi.1001025
https://www.ncbi.nlm.nih.gov/pubmed/21152010
https://doi.org/10.1038/s41586-020-2308-7
https://doi.org/10.1007/s00439-013-1358-4
https://www.ncbi.nlm.nih.gov/pubmed/24077912
https://doi.org/10.1093/nar/gki375
https://doi.org/10.1002/prot.20810
https://www.ncbi.nlm.nih.gov/pubmed/16372356
https://doi.org/10.1007/s00439-020-02246-z
https://doi.org/10.5281/zenodo.11659282

	Introduction 
	Results 
	Subjects 
	Single Variant Association Study 
	The rs1049296 TF Variant Is Associated with Sporadic AD 
	The rs7550295 CLSTN1 Variant Is Associated with C9orf72 
	Variants Interpretation 

	Discussion 
	Materials and Methods 
	Participants 
	Gene Selection 
	Genetic Analyses 
	Bioinformatics Analysis: Data Pre-Processing, Mapping, and Variant Calling 
	Statistical Analysis 

	References

