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Abstract: TDP-43 intracellular aggregates are a pathogenic sign of most amyotrophic lateral sclerosis
(ALS) cases. Familial ALS, brought on by TARDBP gene mutations, emphasizes the relevance of this
altered protein in pathophysiology. Growing evidence suggests a role for dysregulated microRNA
(miRNA) in ALS disease. Furthermore, several studies showed that miRNAs are highly stable in
various biological fluids (CSF, blood, plasma, and serum), and they are expressed differentially
by comparing ALS patients and controls. In 2011, our research group discovered a rare mutation
in a TARDBP gene (G376D) in a large ALS Apulian family with affected members exhibiting a
rapidly progressing disease. To identify potential non-invasive biomarkers of preclinical and clinical
progression in the TARDBP-ALS family, we assessed the expression levels of plasma microRNAs in
affected patients (n = 7) and asymptomatic mutation carriers (n = 7) compared with healthy controls
(n = 13). Applying qPCR, we investigate 10 miRNAs that bind TDP-43 in vitro during their biogenesis
or in their mature form, and the other nine are known to be deregulated in the disease. We highlight
the potential of miR-132-5p, miR-132-3p, miR-124-3p, and miR-133a-3p expression levels in plasma
as biomarkers of preclinical progression for G376D-TARDBP-associated ALS. Our research strongly
supports the potential of plasma miRNAs as biomarkers for performing predictive diagnostics and
identifying new therapeutic targets.

Keywords: amyotrophic lateral sclerosis; microRNA; plasma; different expression; mutation carriers;
TARDBP

1. Introduction

Amyotrophic lateral sclerosis (ALS, also known as Lou Gehrig’s disease) is a progres-
sive degenerative disease affecting motor neurons (MNs) with a multifactorial etiology in
which both environmental and genetic variables play a crucial role [1,2]. ALS appears to
be a heterogeneous disease, not only regarding the age of onset or clinical phenotype but,
most importantly, related to its rate of progression [3,4]. The disease occurs in sporadic
(sALS, about 90%) and familial forms (fALS, about 10%), with an estimated incidence of 0.4
and 1.8 per 100,000 inhabitants [5]. About 40–55% of cases with a familial background are
due to pathogenic mutations in genes coding for Superoxide Dismutase 1 (SOD1) [6], Fused
in Sarcoma (FUS) [7], TAR DNA-binding protein 43 (TARDBP) [8] and a hexanucleotide
expansion on chromosome 9 in Open Reading Frame 72 (C9Orf72) [9].

Among these, the role of TARDBP as a component of the nuclear complexes of Drosha
and cytoplasmic Dicer is now known. Specifically, TARDBP facilitates the binding of the
Drosha complex to a subset of pri-miRNAs resulting in cleavage into pre-miRNAs, while
interaction with Dicer facilitates the formation of a specific subset of pre-miRNAs via
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direct binding to the terminal loops. Since it promotes the biogenesis of miRNAs, the
dysregulation of TARDBP activity may be associated with the pathogenesis of ALS and
could affect the expression levels of miRNAs [10].

The actual diagnosis of fALS and sALS is mainly based on the EI Escorial, Awaji, and
Gold Coast criteria [11–13]. Only recently, CSF and blood biomarkers have emerged as
useful tools for diagnosis and disease progression/survival [14]. Furthermore, neurofila-
ments biomarkers have been used to identify premanifest mutation carriers approaching
phenoconversion [15]. Indeed, it is necessary to look for new clinical biomarkers for the
early detection of ALS, for the stratification of cases based on phenotype, and for the
selection of the most effective therapy approach. In this scenario, miRNAs seem to be
interesting biomarker molecules in ALS.

miRNAs are short endogenous sequences (20–22 nucleotides) of single-stranded non-
coding RNA involved in finely controlling gene expression. They are tissue-specific, highly
correlated with pathology, and can be isolated and measured with minimal invasiveness
when isolated from human biological fluids [16]. Several studies highlight the role of
miRNA in ALS pathology by describing dysregulated miRNAs in various biological fluids
(CSF, blood, plasma, and serum) in ALS patients compared to healthy controls [17]. It has
been shown that miRNAs specifically produced in motor neurons are present in the plasma
of ALS patients and are correlated with disease severity [18]. MiRNAs have several intrinsic
characteristics that make them attractive as biomarkers. It has been shown that miRNAs
have a high specificity [19], are remarkably stable [20], and can be used to “capture” changes
in source cells, including neurons [16,21].

In 2011, our research group identified a new TARDBP mutation, the G376D, in a
woman with progressive upper-limb weakness [22]. The reconstruction of the genealogic
tree led us to a large collection of DNA, plasma, and fibroblasts from family members,
either affected or not. The segregation analysis revealed a dominant pattern of transmission,
although the penetrance appears to be incomplete.

In 2013, Czell and colleagues performed a genetic screening on the Swiss population
and described an Italian patient with the same mutation [23]. In 2018, another case carrying
the G376D mutation was reported in an Asian familial ALS individual [24].

In this context, we sought to study several miRNA expressions in the ALS family
carrying the G376D TARDBP mutation. Specifically, in this project, we will investigate
the differential circulating miRNAs in plasma from healthy individuals, asymptomatic
mutation carriers, and affected patients, all belonging to a large Apulian family.

2. Materials and Methods
2.1. Patient Cohorts and Ethics Statements

The patient cohort investigated in this study includes 7 symptomatic patients, 7 asymp-
tomatic mutation carriers, and 13 healthy controls, all belonging to a large Apulian family
carrying a G376D TARDBP ALS-causing mutation. To our knowledge, this mutation has
been identified only in this family, among Caucasians. All the participants recruited had
signed an informed consent form. All subjects described in the manuscript, i.e., healthy car-
riers (asymptomatic subjects), the symptomatic carriers (i.e., the patients), and the healthy
non-carriers, were submitted to a short interview concerning the medical history and actual
signs/symptoms of ALS and a focused neuromuscular examination as well. The examiners
were two expert neurologists (one of the two is the author VLB) who were unaware of
the final results of the genetic testing. All data were recorded in the database of the ALS
Clinical Research Center of Palermo, Italy. Subjects were not submitted to EMG/ENG
examination and/or neuropsychological testing. None of the healthy mutation carriers and
healthy controls showed signs/symptoms related to motor neuron disease. According to
Benatar M et al., 2022 [15], our asymptomatic mutation carriers were all in a clinically silent
pre-manifest state.

Peripheral blood samples were collected according to standard procedures in test
tubes containing EDTA and centrifuged to allow separation of the plasma from the cel-
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lular component. Then, plasma was transferred to microtubes and centrifuged again at
12,000 rpm for 10 min to eliminate additional cellular residues.

2.2. RNA Isolation

Total circulating RNA, including small RNAs, was isolated from the plasma of both
asymptomatic and symptomatic mutation carriers and of healthy non-carriers, using Mag-
MAX™ mirVana™ Total RNA Isolation Kit (Applied Biosystem, Thermo Fisher Scientific,
Foster City, CA, USA). RNA was isolated in each case from 200 µL of plasma following a
methodology as specified by the manufacturer. microRNA was quantitated by Invitrogen™
Qubit™ 3.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA). Cel-
miR-39-3p, a synthetic miR-39-3p of Caenorhabditis elegant, was used as an RNA spike-in
to normalize the gene expression analysis and to adjust different RNA isolation and reverse
transcription efficiencies.

2.3. Reverse Transcription and Quantitative PCR

Equal amounts (50 ng) of miRNA were used for reverse transcription (RT) using the
TaqMan miRNA Reverse Transcription Kit. Amplification was performed by quantitative
PCR (qPCR) on the QuantStudio™ 3 Real-Time PCR System (Applied Biosystem by Thermo
Fisher Scientific) using TaqMan MicroRNA Assays (Applied Biosystem by Thermo Fisher
Scientific) of selected miRNAs and endogenous controls (Supplementary Table S1). Each
sample was analyzed in triplicate, and the expression was calculated using the 2−∆∆Ct

method [25]. Furthermore, plasma miRNA levels were normalized against an exogenous
oligonucleotide (cel-miR-39-3p) and two endogenous (hsa-miR-191-5p and hsa-miR-93-5p)
that were unchanged in the assay.

2.4. Statistical Analysis

All analyses were carried out using GraphPad Prism software version 7.0 (GraphPad
Software, San Diego, CA, USA). Variables were expressed as median, with an interquar-
tile interval between Q1 and Q3 values (IQR). The non-parametric data were analyzed
with the Mann–Whitney rank sum test. Categorial data were evaluated using Fisher’s
exact test. We adopted the Kruskal–Wallis ANOVA on ranks to compare data of multiple
groups: symptomatic compared to healthy samples, asymptomatic about non-affected
cases, and symptomatic contrasted with asymptomatic subjects. The data obtained
were statistically analyzed using 1-way ANOVA and the pair-wise Tukey (HSD) test to
study the difference between group mean values (α = 0.05). p-values less than 0.05 were
considered statistically significant.

3. Results

In this study, we analyzed the expression of 19 miRNAs in the asymptomatic and
symptomatic carriers of a large ALS family with an aggressive ALS-causing TARDBP-G376D
mutation. Healthy non-carrier subjects belonging to the same family were used as controls.

The detailed characteristics of all family subjects are summarized in Table 1.
The median age-at-onset in the symptomatic mutation carriers was 50 years (IQR = 37–57),

which appears primarily younger than the age-at-onset of the sporadic ALS in large case
series [26]. Conversely, it aligns with the age at the onset of genetic ALS with an autosomal
dominant transmission pattern and relatively high penetrance. Furthermore, none of the
symptomatic mutation carriers was older than 57 at the disease onset. In contrast, 30% of the
asymptomatic mutation carriers were older than 70 at the time of the blood draw. This suggests
that, at least in this family, beyond a certain age (we suggest seventy years as a cut-off value),
the likelihood of developing the disease in the asymptomatic mutation carriers might decrease
dramatically.

The proportion of the spinal-onset vs. bulbar-onset in the symptomatic mutation
carrier cohort was 70% vs. 30%, respectively. Again, this data suggests that the G376
mutation does not show site-of-onset preference, even in a small cohort. Finally, the relative
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mild disability at diagnosis in the symptomatic cohort underlines that the diagnostic delay
in these patients was relatively short, evidence supported by the high suspicion index in
members of this family with a disease-causing mutation.

Table 1. Clinical and demographic characteristics of the members of the G376D TARDBP Apulian
family were included in this study. Data are expressed as median with interquartile intervals Q1–Q3.

Variable SC (n = 7) AC (n = 7) HC (n = 13) p

Age $ at blood drawing 52 (42–60) 42 (33–73) 52 (44–76) 0.47 *

Age $ at onset 50 (37–57) N.A. N.A.

Sex (M/F) 1.33 2.5 0.85 0.19 **

Onset
Spinal, n (%)
Bulbar, n (%)

5 (71)
2(29)

N.A. N.A.

ALSFRS-R a 44 (41–45) N.A. N.A.

SC, symptomatic mutation carriers; AC, asymptomatic mutation carriers; HC, healthy non-carrier controls. $ Age is
expressed in years; a evaluation at diagnosis; * Mann–Whitney Rank Sum Test; ** chi-square; N.A.: not applicable.

We investigated and validated miRNAs (n = 10) binding TDP-43 in vitro during their
biogenesis or in their mature form [10,27], already studied by Freischmidt et al. 2013 [28],
and miRNAs (n = 9) known to be deregulated in post-mortem tissues, specifically cell lines
and several circulating fluids [17] in 7 symptomatic patients, 7 asymptomatic mutation
carriers and 13 healthy controls (Supplementary Table S1). Of these selected miRNAs,
four probes (has-miR-663a, has-miR-155-3p, has-miR-218-5p, has-miR-338-5p) were not
confirmed due to lack of detection in the plasma matrix.

To distinguish miRNA tags investigated, we questioned DIANA TarBase v.8 [29]. We
identified only three miRNAs that target TARDBP (Supplementary Table S2). We observed
a significant plasma upregulation of miR-143-3p, -574-5p, and -133b miRNAs comparing
affected patients with healthy controls while let-7b-5p ad miR-146a-3p were downregulated
(Figure 1A,B). Furthermore, we observed marked deregulation of our selected miRNAs
when comparing asymptomatic mutation carriers with healthy controls (Figure 1A,B).

Relative expression of miRNA in plasma is measured with qPCR. Normalization
was performed relative to the spiked-in C. elegans miRNA (Cel-miR-39-3p) and two
endogenous miRNAs (hsa-miR-191-5p and hsa-miR-93-5p), and to the mean expression of
the respective miRNA in the control group. Bars indicate mean standards deviation.; n = 7
symptomatic patients (P), n = 7 asymptomatic mutation carriers (C), and n = 13 healthy
controls (HC). In plasma samples of P, we found a significant increase in miR-143-3p,
miR-574-5p, and miR-133b. Only let-7b-5p and miR-146a-3p showed a significant decrease.
The remaining miRNA showed no significant changes in serum samples of P compared to
HC. Furthermore, in the plasma of the C, we found a significant increase of miR-143-3p,
miR-574-5p, miR-574-3p, miR-133a-3p, miR-133b, miR-142-3p, and miR-58-3p. On the
contrary, miR-9-5p, miR-9-3p, miR-132-5p, miR-132-3p, let-7b-5p, and miR-146a-3p appears
significantly decreased. Only miR-miR-143-5p and miR-124-3p showed no significant
changes in plasma samples of C compared to HC.

In our analysis, just one subject showed a very early age of onset (37 years old)
compared to the rest of the affected members of the same family and compared to the
disease average (Table 1). Furthermore, this patient was characterized by a very aggressive
disease with a highly rapid course. The expression levels of the plasma miRNAs analyzed
were found to be altered compared to the other affected family members, although the
methods of analysis used are the same (Supplementary Figure S1). MiRNA folds change
values of the subject are represented in Supplementary Table S3. Given the wide disparity
in the values of this patient compared to the other family-affected samples, the relative
miRNA expression was not included in the 2−∆∆Ct method analysis and Figure 1A,B.
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sion in a TARDBP-G376G family compared to healthy family members. miR = miRNA; statistically 
significant differences are highlighted in bold. SD = standard deviation. 

Figure 1. (A) miRNA dysregulation in plasma of ALS family subjects with TARDBP-G376D mutation
compared to healthy control samples. *: p < 0.05: **: p < 0.01. ***: p < 0.001; (B) relative miRNA
expression in a TARDBP-G376G family compared to healthy family members. miR = miRNA;
statistically significant differences are highlighted in bold. SD = standard deviation.

4. Discussion

The present study aimed to uncover circulating biomarkers by analyzing plasma
miRNA expression levels in a large ALS family (7 symptomatic patients, 7 asymptomatic
mutation carriers, and 13 healthy controls) characterized by a rare mutation in the TARDBP
gene. This study focused on determining which miRNA could be involved in protecting
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or, conversely, predisposing to the development of the disease in subjects carrying the
mutated gene. The results of the present study showed a specific miRNA differential
expression in the symptomatic and asymptomatic mutation carriers compared to healthy
family members, underlining a probable peripheral signature capable of stratifying the
disease progression. The asymptomatic mutation carriers’ study, from the presymptomatic
state across phenoconversion and clinically expressed ALS, provides a unique opportunity
to observe prospectively and shed light on the earliest clinical and molecular features of
neurodegeneration.

Freischmidt et al. 2013, were the first to undertake studies identifying potential
miRNA-based biomarkers in the serum of ALS patients and asymptomatic mutation
carriers [28,30,31]. To the best of our knowledge, the present work is the first to investigate
the deregulation of circulating miRNAs in ALS familiar forms with incomplete penetrance,
focusing on a rare TARDBP mutation in addition to supplying a serum miRNA signature
that may contribute to the assessment of preclinical progression for ALS.

A prominent finding of our study is the plasma deregulation of both miR-132-3p and
286 miR-132-5p, capable of differentiating between symptomatic and asymptomatic muta-
tion 287 carriers. This miRNA has repeatedly been implicated in neuronal development
and synaptogenesis [32] and could reflect the peripheral pathophysiological mechanisms
mainly associated with neurodegeneration. Although miR-132 is known to target TARDBP,
few articles describe this interplay’s consequences. Karginov FV et al. 2013 is the only
work that highlights this interaction tested on a renal cell line [33], which needs further
validation. The involvement of miR-132 at the neuronal level, the knowledge of TARDBP
as a potential target, and serum deregulation could allow the identification of this miRNA
as a predictive peripheral marker for ALS disease.

Of interest is the increased peripheral expression of miR-132 and miR-9 in both strands
in symptomatic subjects compared to healthy controls (Figure 1B). Although the expression
values of these four miRNAs (miR-9-5p, p = 0.57; miR-9-3p, p = 0.40; miR-132-5p, p = 0.09;
miR-132-3p, p = 0.37) were statistically non-significant in our study, these seem to follow the
same trend as neurofilament light chains (NfL): a validated biofluid marker of neuroaxonal
damage [34]. Several studies have shown that NfL levels are increased in ALS patients
compared to healthy controls and correlate with clinical disease severity measures [35].

miR-9 is known to carry out many functions in nervous system development but does
not bind TDP-43. Conversely, FUS regulates the biogenesis of miR-9, which subsequently
directly binds the FUS protein [36]. This is an evolutionary-conserved brain-enriched
miRNA and is the most highly expressed in the nervous system [37]. Both miR-9-5p and -3p
have been associated with maintaining neuronal cell and synaptic plasticity [37], resulting
in important factors in neurogenesis regulation [38]. The significant upregulation of miR-9-
5p and miR-9-3p in ALS symptomatic patients compared to asymptomatic mutation carriers
can be considered useful for considering this miRNA as a biomarker for disease progression.
In agreement with the literature, the increased expression of miR-9-5p could reflect neuronal
injury and cell death [37]. On the other hand, there is little information about miR-9-3p. Sim
et al., 2016 have demonstrated that the expression levels of this miRNA are decreased in
neurodegenerative diseases such as Huntington’s and Alzheimer’s disease [39]. Although
miR-9 appears to be related to the presence of mutations in the FUS gene [36], we find a
deregulation that could be representative of the disease state. Further studies should be
led to better understand the functions of this miRNA and the probable relationship with
another gene involved in RNA metabolism such as TARDBP.

Another miRNA that targets TARDBP is miR-124-3p [40]. This appears to be deregu-
lated exclusively by comparing symptomatic and asymptomatic mutation carriers. miR-124
is undoubtedly involved in ALS through the inflammatory reaction [41], and it is also
considered a neuron-specific miRNA because it is mainly expressed in neuronal cells [42].
Based on this knowledge and our result, we could hypothesize that miR-124 levels could
be directly related to disease status, making it possible to identify a presymptomatic state
of disease.
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A trend can be shown for miR-133a-3p and miR-142-3p, which appear to be sig-
nificantly upregulated in asymptomatic mutation carriers. Overexpression of miR-133a
correlated with a better prognosis, and a slower course of disease [21], and serum/plasma
levels of miR-133a can predict disease course and severity. In agreement with the literature,
our results suggest that miR-133a-3p could be a possible biomarker of disease progression.
It is interesting to underline how miR-574-3p, miR-133a-3p, and miR-558-3p have decreased
expression in symptomatic patients. This data should be more extensively addressed to
understand if it involved a construct downregulation or a silencing mechanism.

On the other hand, miR-142-3p was predicted to target the expression of TDP-43,
and in a study conducted by Matamala et al., 2018 an association between this miRNA
expression level and disease progression was demonstrated [43]. However, our findings
differ from the preceding results: miR-142-3p expression levels appear upregulated in
asymptomatic mutation carriers who, therefore, do not exhibit the clinical phenotype of
the disease. The results could seem conflicting due to (i) the small number of available
samples, (ii) the different cohort analyzed characterized by a familial form of the disease,
and (iii) the presence of a precise mutation.

Of particular interest is the differential expression of miR-574-3p which appears to
be upregulated in asymptomatic mutation carriers compared to affected patients. This
miRNA is known to be a critical player in tumorigenesis [44,45], but there is no clear
relationship with neurodegenerative disorders. However, Kawahara et al. 2012, showed
that cytoplasmic TDP-43 facilitates the binding of the Dicer complex to a subset of pre-
miRNAs and thus promotes the production of mature miRNAs. Based on these reports, we
hypothesize that miR-574-3p is specifically deregulated in correlation to a mutation of the
TARDPB gene, and its overexpression could be correlated to a non-damaging effect against
the disease. Given the limited information regarding the -3p arm, it would be interesting to
further investigate its mechanism of action in neurodegeneration and ALS.

Our results are encouraging, but our study has some limitations. First, although the
present work is based on the analysis of asymptomatic and symptomatic ALS individuals
belonging to the same family, the number of samples analyzed to candidate miRNAs as
peripheral biomarkers are small. Second, the absence of validation in other tissues or of a
replication cohort means that further studies in independent cohorts are needed to confirm
our findings. Finally, the absence of multiple collections of biological samples at different
stages of disease progression for each symptomatic ALS individual does not allow for any
definitive conclusion on the correlation between plasma miRNAs and disease evolution.
Our preliminary data could be broadened using high-throughput methods to investigate
more constructs and study the interactions with ALS genes.

5. Conclusions

The present work represents the first study evaluating plasma miRNAs signature, in
asymptomatic mutation carriers and symptomatic TARDBP individuals belonging to a
large family, as progression biomarkers for ALS. We highlighted the potential of miR- 132-
5p, miR-132-3p, miR-124-3p, and miR-133a-3p expression levels in plasma as biomarkers
of preclinical progression for G376D-TARDBP-associated ALS. In this context, our work
could establish a basis for promoting the use of plasma miRNAs, in association with other
biomarkers, to perform a predictive diagnosis and discover novel therapeutic targets.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/biom13040706/s1, Figure S1: Serum miRNA deregulation values of
one sample compared to affected subjects from the same family; Table S1: List of miRNAs analyzed
with relative assay identification (ID) and mature miRNA sequence.; Table S2: List of miRNAs targeting
TARDBP (References [33,40,46,47] are cited in the supplementary materials); Table S3: List of serum
miRNA values for one specific affected patient normalized against one exogenous (cel-miR-39) and
two endogenous (hsa-miR-191-5p and hsa-miR-93-5p) controls.
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