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Background: Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease

affecting upper and/or lower motor neurons and characterized by complex

etiology. Familial cases show high genetic heterogeneity and sporadic cases

(90%) are associated with several genetic and environmental risk factors.

Among the genetic risk factors, the contribution of non-coding elements,

such as microRNAs (miRNAs), to ALS disease susceptibility remains largely

unexplored.

Aim: This work aims to identify rare variants in miRNA genes in sporadic ALS

(sALS) patients whichmay cause a defective miRNAmaturation or altered target

gene recognition by changing miRNA secondary structure or seed sequence,

respectively.

Methods: Rare variants located in miRNA loci with a minor allele frequency

(MAF) < 0.01 were extracted from whole genome sequencing (WGS) data of

100 sALS patients. The secondary pre-miRNA structures were predicted using

MiRVas to evaluate the impact of the variants on RNA folding process. Human

TargetScan was used to retrieve all the potential target genes of miRNAs with

variants in the seed region. Over Representation Analysis (ORA) was conducted

to compare the lists of target genes for the reference and mutated miRNAs in

the seed sequence.

Results: Our analysis identified 86 rare variants in 77 distinct miRNAs and

distributed in different parts of the miRNA precursors. The presence of these

variants changed miRNA secondary structures in ~70% of MiRVas predictions.

By focusing on the 6 rare variants mapping within the seed sequence, the

predicted target genes increased in number compared to the reference miRNA

and included novel targets in a proportion ranging from 30 to 82%. Interestingly,
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ORA revealed significant changes in gene set enrichment only formutatedmiR-

509-1 and miR-941-3 for which the Gene Ontology term related to “nervous

system development”was absent and present, respectively, compared to target

lists of the reference miRNA.

Conclusion: We here developed a workflow to study miRNA rare variants from

WGS data and to predict their biological effects on miRNA folding, maturation

and target gene recognition. Although this in silico approach certainly needs

functional validation in vitro and in vivo, it may help define the role of miRNA

variability in ALS and complex diseases.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a rare adult-onset

neurodegenerative disease resulting in the progressive loss of

upper and/or lower motor neurons that in turn leads to muscle

paralysis and death for respiratory failure usually within

3–5 years after onset. Familial ALS (fALS), which explains

only 10% of the forms, is associated with high genetic

heterogeneity with more than 30 causative genes involved in

different cell pathways (Hardiman et al., 2017). For sporadic ALS

(sALS) the etiopathogenesis remains largely unclear with a

multifactorial model, involving both genetic and

environmental risk factors (Goutman et al., 2022). High-

throughput technologies, including genome-wide association

studies (GWAS) and epigenome-wide association studies

(EWAS), have been recently combined to identify common

genetic variants and epigenetic signatures, respectively, which

are significantly associated with disease susceptibility (van

Rheenen et al., 2021; Hop et al., 2022). Additionally, next-

generation sequencing (NGS) technologies significantly

boosted the advances in ALS genetics, in particular, coupling

the use of whole-exome (WES) and whole-genome (WGS)

sequencing with computational methods to identify rare

variants associated with both fALS and sALS (Goutman et al.,

2022). Despite the identification of novel causative and risk

genes, the complexity of sALS genetics remains widely

uncharacterized and about 30% of fALS heritability is still

missing.

The role of non-coding DNA in complex diseases has been

only recently explored. Variants in key regulatory sequences

may affect transcription by changing chromatin folding and

accessibility as well as post-transcriptional processes,

including splicing and mRNA fate, altogether and ultimately

affecting gene expression (Spielmann and Mundlos, 2016).

MicroRNAs (miRNAs) are a class of small non-coding

elements broadly studied for their spatiotemporal control of

gene expression in different tissues and specific cell types.

Although dysregulation of their levels has been studied in

neurodegenerative diseases, including ALS (Juźwik et al.,

2019), miRNA genetic variability in patients, as well as the

biological effects of miRNA genetic variants are still scarcely

studied. In the last 2 decades, only a small number of studies

has described the impact of non-coding variants on correct

miRNA biogenesis and target gene recognition and expression.

In particular, this functional association was described for

complex disorders such as rasopathies (de Carvalho et al.,

2019), autism (Williams et al., 2019), and schizophrenia (Duan

et al., 2014), as well as monogenic disorders such as

spondyloepiphyseal dysplasia (Grigelioniene et al., 2019)

and nonsyndromic hearing loss (Mencía et al., 2009). In

ALS, miRNAs have mainly been investigated as potential

biomarkers being dysregulated in patients’ biofluids, brain,

and skeletal muscle (Di Pietro et al., 2018; Rinchetti et al., 2018;

Joilin et al., 2019; Kim et al., 2020; Alvia et al., 2022; Panio et al.,

2022). A single recent study identified, in a large cohort of ALS

patients, 6 rare variants in miR-218-2, which were associated

with its defective biogenesis and maturation leading to

downregulation of the miRNA itself and, consequently, to

the upregulation of its target gene expression (Reichenstein

et al., 2019).

The aim of our analysis was to identify rare variants in

miRNAs from WGS data of a cohort of sALS patients and to

predict their biological effects on miRNA secondary structure,

maturation, and target gene recognition by bioinformatic tools,

providing a general workflow to be used for miRNA analysis in

other complex disorders.

Materials and methods

Clinical data

A cohort of 100 sALS patients, 44 males and 56 females, was

selected for WGS analysis. The median age of onset was 64 years

and the age at DNA collection was 65 years (Table 1). The

majority of patients (81%) showed a spinal onset of the

disease, while 17% and 2% exhibited a bulbar and a

respiratory onset, respectively (Table 1). All patients had a
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diagnosis of ALS based on the revised El Escorial criteria (Brooks

et al., 2000). The Ethics Committees of the participating

Institutions approved the study. All participants gave written

informed consent for using pseudonymized clinical and genetic

data for research purposes. The study was performed in

accordance with the principles of the Declaration of Helsinki.

Whole-genome and bioinformatics
analysis

The pipeline designed for miRNA analysis consisted of three

different steps: 1) WGS data generation and filtering, 2) analysis

of structural miRNA modifications, and 3) prediction of target

genes of miRNAs with variants in the seed sequence (Figure 1).

WGS was performed on Illumina NovaSeq platform, with an

average coverage yield of ~50x. Reads were processed according

to the best practices pipeline recommended by Broad Institute.

Burrows-Wheeler Aligner (BWA) (Li and Durbin, 2009) was

employed to align raw data to the reference genome (GRCh37,

hg19). The obtained BAM files were deduplicated and

recalibrated to add reliability to the final alignment. Genomic

data are available at European Nucleotide Archive (ENA; study

accession number PRJEB57326). The variant calling step was

performed using the GATK tool (McKenna et al., 2010) and

HaplotypeCaller (DePristo et al., 2011; Van der Auwera et al.,

2013) algorithm. Multiple VCF files were finally assembled via

VCFtools (Danecek et al., 2011). The annotation of VCF files was

completed using ANNOVAR (Wang et al., 2010). After this step,

we used the genomic coordinates collected from MiRBase

(Kozomara et al., 2019) to retrieve variants included within

miRNAs loci considered as “high-confident”. Rare variants

were filtered out with a Minor Allele Frequency (MAF) <
0.01 in the population frequency databases 1000 Genomes

Project (Devuyst, 2015) and GnomAD (Karczewski et al.,

FIGURE 1
The workflow adopted for miRNA analysis is shown: (1) Selection of sporadic ALS patients for WGS and filtering of rare variants located in
miRNAs; (2) Location of variants in miRNA sequences and secondary structures predictions; (3) Target analysis and ORA on reference and alternative
miRNA seed sequences.

TABLE 1 Clinical features of the ALS cohort.

Sporadic ALS patients (n) 100

Gender (n) 44 Males | 56 Females

Site of onset (n) 81 Spinal | 17 Bulbar | 2 Pulmonar

Age at onset (median) 64 (Q1 = 55.5; Q3 = 70,5)

Age at collection (median) 65 (Q1 = 57; Q3 = 72)
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2020). Expression data available for candidate miRNAs were

obtained from Genotype-Tissue Expression (GTEx) portal

(https://gtexportal.org).

In silico prediction of miRNA secondary
structures

We utilized miRVaS (Cammaerts et al., 2016), a tool based

on RNAFold (Lorenz et al., 2011) and VARNA (Darty et al.,

2009), to evaluate both the location of the identified variant

and its possible impact on the secondary structures of the

miRNA precursor. Default parameters have been set as

recommended, including 100 nucleotides flanking up- and

down-stream the pre-miRNA sequence, as derived from

functional experiments. Secondary RNA structures were

successfully predicted in the presence and the absence of

the identified rare variants using three different metrics: 1)

minimum free energy (MFE) which presumes a single possible

conformation based on minimizing free energy, 2) maximal

expected accuracy (MEA) which maximizes the base-pair

accuracy using a partition function and, 3) centroid

prediction which represents the ensemble of possible

secondary structures.

In silico analysis of target genes

Target gene analysis was performed using the Human

TargetScan command-line version 8.0 (Agarwal et al.,

2015). The seven nucleotides-seed sequence of the reference

or the alternative miRNA was matched to TargetScan UTR

sequences default database. The obtained Ensembl IDs were

assigned to their respective genes with a specifically developed

python script. The resulting lists of target genes were

subsequently used for Over Representation Analysis (ORA)

using ClueGO v.2.5-2021 (Bindea et al., 2009), a CytoScape

3.8 plugin (Shannon et al., 2003). The following criteria were

set up for the enrichment analysis: 1) “Biological Processes”

was chosen as the primary ontology dataset, 2) GO (Gene

Ontology) Term fusion option was selected to reduce the size

of the resulting terms, 3) only pathways with a significant

p-value ≤ 0.05 passed the filter.

Results

Identification of rare variants in miRNAs
from amyotrophic lateral sclerosis whole-
genome data

To study the possible genetic contribution of miRNA variants to

ALS pathogenesis and to predict their biological effects, we followed

a three-step pipeline as shown in Figure 1.We firstly generatedWGS

data from a cohort of 100 sALS patients (Table 1). To obtain the

dataset of miRNA genomic coordinates, we extracted all available

information on discovered and published miRNAs from MiRBase.

We retained a total of 505 miRNAs tagged by MiRBase as “high-

confident”, which includemiRNAswith a sufficient number of reads

mapping both strands, 2 nucleotide-long 3’ overhangs, and a well-

folded hairpin precursor (Kozomara and Griffiths-Jones, 2011).

WGS data from our ALS cohort were merged and filtered to

identify genetic variants in high-confident miRNA loci via

VCFtools. Using this procedure, we successfully identified

159 variants out of 24,944,764 candidate sites. The majority of

the identified variants were in a heterozygous state with only 15 in

homozygosity. After annotation and filtering, 86 variants [82 single

nucleotide variants (SNV), two insertions, and two deletions] in

79 sALS patients were classified as rare (MAF <0.01) according to
both 1000 genomes and GnomAD databases. Of these, 6 (5 SNV

and one deletion) were in homozygous state (Supplementary Table

S1). The possible clinical significance of these variants was first

evaluated using ClinVar and InterVar databases. As expected, none

of them had already been reported or classified, except for two

variants in the same miR-96 (chr7:g.129414568:G>A and chr7:

g.129414574:A>G, GRCh37/hg19), which had already been

identified as likely-benign and benign, respectively

(Supplementary Table S1). The 86 identified rare variants

mapped to 77 different miRNAs, mostly including a single

variant each, with the exception of 11 miRNAs that harbored

multiple rare variants (Supplementary Table S2). The miRNA

expression profile across human tissues was also evaluated using

the GTExportal. Expression data were available only for 12 (15.5%)

out of the 77 identified miRNAs (Supplementary Figure S1) and

miR-219a-2 showed a specific expression in the brain with a very

high expression level in spinal cord (Table 2 and Supplementary

Figure S1). Of interest, most of them were reported to be expressed

in the cerebellum (10/12) or in the cortex (4/12), although with

different expression values (Table 2).

TABLE 2 miRNA gene expression in brain areas according to GTEX
database.

miRNA Cortex Cerebellum Spinal cord

miR-219a-2 16.64 7.53 102.9

miR-324 0.89 2.68 0.37

miR-221 0.24 — —

miR-590 — 0.77 —

miR-210 — 0.53 —

miR-181c — 0.36 —

miR-199b — 0.76 —

miR-339 0.28 0.77 —

miR-3613 — 0.37 —

miR-421 — 0.59 —

Expression values refer to “transcripts per million” (TPM) as reported in GTEx.
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In silico analyses of miRNA secondary
structures

To assess the possible biological impact of the identified

variants, we first established their localization in miRNA

precursor secondary structures using miRVaS tool. The analysis

predicted 97 different RNA conformations with variants located in

different parts of the immature miRNA sequence (Supplementary

Table S2). In particular, we obtained 10 RNA conformations with

variants located inmiRNA5′ and 3′ flanking regions, 36 in the arm
regions, eight in the loop regions, 37 in themature regions, and 6 in

the 3’ seed sequences (Figure 2).

We also evaluated whether ALS-associated variants had an

impact on miRNA secondary structure according to all the

three different paradigms used by miRVaS program, such as

centroid, minimum free energy (MFE), and maximal expected

accuracy (MEA). The majority of the predicted secondary

RNA structures (71% for centroid, 73% for MEA, and 63% for

MFE models) were changed compared to the wild-type

reference sequence (Supplementary Table S2). More

specifically, our analysis showed that a large part of

variants modified the predicted conformation of the

alternative miRNA at the level of seed and mature regions,

which altogether account for 41% of predicted secondary

structures (Table 3). Conversely, 30% of predictions

showed no changes in miRNA secondary conformation due

to the presence of the alternative ALS variant and none of the

identified variants changed the secondary structure of the

loop, a region important for pre-miRNA cleavage and

maturation (Table 3). Intriguingly, the reference miRNA

hairpin conformation appeared to be remodeled by

substituting the wild-type sequence with the alternative

one, independently on the variant localization in the

mature (Figure 3A), arm (Figure 3B) or seed (Figure 3C)

sequence of the miRNA (Supplementary Table S2).

Prediction of miRNA target genes

Since the region directly involved in target gene recognition is

the 3′-seed sequence, we then focused our analysis on the

6 miRNAs carrying variants in the seed region, which include

five SNV and a 3-nucleotide insertion (Table 4). Firstly, both the

reference and the alternative 7-nucleotide long seed sequences

were recruited from miRVaS. Potential target genes were then

predicted using the Human TargetScan software. Both reference

and alternative seed sequences were compared against the

database of UTR sequences provided by the tool. Lists of

target genes were finally generated for each reference

(Supplementary Table S3) and alternative miRNA

(Supplementary Table S4) seed sequence. This analysis

showed that the number of potential targets for all mutated

miRNAs changed and generally increased compared to the

reference wild-type counterpart, except for miR-214 (chr1:

g172107971:C>T) (9075 vs. 10149 target genes for the

reference miRNA) (Table 5). However, when we specifically

considered the novel predicted gene targets compared to the

ones in common with the wild-type miRNA, also for the

FIGURE 2
Schematic representation of ALS rare variants localization in miRNA precursors. The distinct miRNA regions are indicated by specific colors:
seed (yellow), mature (pink), arms (light blue), loops (blue), and flanking region (black).
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alternative miR-214 30% of the predicted targets were new and

unique (Table 5). The proportion of novel targets ranged from

30% in miR-214 to 82% in miR-518a-1 (chr19:g.54234315:C>G),
the latter reaching also the highest number of new potential

targets (7,370 out of 8,891 total ones) (Table 5).

We also crossed the predicted targets with a dataset of

295 candidate genes previously selected as likely associated with

ALS disease (Eitan et al., 2022). Also in this case the proportion of

the ALS-associated gene targets increased for all the miRNAs with

the alternative seed variant compared to the reference sequence,

again with the exception ofmiR-214 for which the number of ALS-

specific targets remained nearly the same (156 in the mutant vs.

162 in the reference one) (Table 5). However, when considering

only the ALS gene targets specifically predicted for the alternative

seed sequence miRNAs, the proportion of unique ALS targets

ranged from 28% for miR-214 to 82% for miR-518a-1 which again

showed the highest number of unique ALS-associated targets

(137 out 167 total ones) (Table 5).

Finally, to assess the possible impact of variants in miRNA seed

sequence at biological level, we conducted an over-representation

analysis on each dataset of predicted target genes via Cytoscape-

ClueGo (Supplementary Table S5). Of interest, for the miR-941-

3 alternative seed sequence (chr20:g.62550965:G>A), we found a

change in the GO terms and the specific appearance of terms related

to “nervous system development” compared to the reference seed

sequence targets (Figure 4A). Conversely, for the ALS variant

mapping in the seed sequence of miR-509-1 (chrX:g146342085:-

>ATC), we observed the opposite condition with the disappearance

of the GO term related to “nervous system development” compared

to the reference sequence target genes (Figure 4B). Regarding the

other fourmiRNAs, we found an enrichment in GO termsmostly in

common with the reference miRNA sequence, in line with the

increased number of predicted target genes for the mutant seed

variants (Supplementary Table S5).

Discussion

The contribution of noncoding variants to complex disease

etiology is still largely unknown although WGS data are now

available for most multifactorial disorders. Genetic analyses are

mainly focused on the identification of rare coding variants in

order to identify possible risk factors associated with disease

onset and/or survival. However, noncoding variants may act as

important modifying factors, at both transcriptional and post-

transcriptional levels. Not only promoter and 5′UTR sequences

influence transcription, but also variants in enhancers and

topologically associated domains, as emerging from 3D

chromatin conformation studies. At post-transcriptional level,

intronic variants affect splicing, including that of cryptic exons,

as well as noncoding variants in 3′UTR change binding of

miRNAs and RNA-binding proteins, therefore influencing

mRNA transport, translation, and decay. In this context,

analysis of genetic variants in non-coding elements such as

miRNAs and long noncoding RNAs (lncRNAs) has so far

received poor attention in the field of complex diseases, while

mutations in miRNAs proved to be causative of some hereditary

disorders, such as spondyloepiphyseal dysplasia (Grigelioniene

et al., 2019) and nonsyndromic hearing loss (Mencía et al., 2009).

Here we developed a pipeline to identify and study rare

variants in miRNA sequences from WGS data of sALS

patients, that may affect their folding and secondary

structures and, likely, their proper biogenesis as well as

their target gene recognition. For our analysis, we selected

only those miRNAs with the highest probability of being

annotated as miRNAs in miRBase and obtained

505 miRNAs out of the 1750 ones present in the database.

Our analysis defined a set of 86 noncoding and rare

(MAF <0.01) variants mapping in distinct regions of

77 pre-miRNAs. The localization of these variants in

miRNA precursors and the impact of these variants on

their folding were evaluated using miRVaS which is,

currently, the only tool available and conceived for this

purpose (Lukasik et al., 2016). Predictions were performed

using default parameters and including 100 nucleotides

surrounding the hairpin as suggested by miRVaS

(Cammaerts et al., 2016) because also variants mapping

outside the miRNA hairpin may have a functional effect

(Chen et al., 2004). We successfully identified multiple

RNA secondary structures changed by the presence of the

TABLE 3 Analysis of structural impacts of miRNA variants by miRVaS.

Structural impact of the
variant

Centroid (n° of predictions) MEA (n° of predictions) MFE (n° of predictions) Total mean (%)

Arm 23 25 21 24

Flank 2 7 5 5

Mature 22 19 15 20

Seed 22 20 20 21

No change 28 26 36 30

Loop — — — 0

Analyses were performed according to three different algorithms: Centroid, MEA (Maximum Expected Accuracy) and MFE (Minimum Free energy).
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FIGURE 3
Images of RNA secondary structures remodeled by the presence of the rare variants in differentmiRNA regions as obtained bymiRVaS using the
centroid paradigm. (A) Variants located inmature regions ofmiR-181c (chr19:g13985554:G>A), miR-3940 (chr19:g.6416489:G>A),miR-548e (chr10:
g.112748708:C>T), andmiR-598 (chr8:g.10892743:C>T); (B) Variant located in arm domain of miR-320a (chr8:g.22102548:G>T); (C) Variant located
in the seed sequence of miR-941-3 (chr20:g.62550965:G>A). The variant is indicated in red by an arrow; miRNA regions are indicated by
specific colors: seed (yellow), mature (pink), arms (light blue), loops (blue), and flanking region (black).
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ALS-associated variants in miRNA sequences. These

structural modifications may alter recognition and cleavage

by DROSHA or DICER, the two processing enzymes required

for the maturation of miRNA precursors, and potentially lead

to a defective miRNA biogenesis with effects also on target

mRNA translation. As regards DROSHA, it was already

demonstrated that the presence of point variants and

mismatches in the hairpin could affect miRNA processing

by changing RNA secondary structures, a molecular

mechanism used to finely regulate the expression of specific

miRNAs during cell differentiation (Sperber et al., 2014). In

human ALS post-mortem motoneurons, miR-218-

2 expression is significantly downregulated and, in a

genetic screening of a large ALS cohort, the presence of

6 rare variants in miR-218-2 was functionally associated

with its defective processing by DICER (Reichenstein et al.,

2019). The decreased biogenesis of miR-218-2 determined, as

a consequence, the upregulation of its target genes, including

the potassium channel Kv10.1, and induced dysregulation of

neuronal activity as a possible ALS pathomechanism

(Reichenstein et al., 2019). Moreover, the cleavage activity

of DICER on pre-miRNAs was shown to strongly depend on

the presence of specific single-nucleotide bulges in their

secondary structure, which can therefore have a role in

controlling miRNA biogenesis (Nguyen et al., 2022). Thus,

by considering all these observations and our in silico

predictions, we speculate that the gene variants we found

in miR-598 and miR-941-3, by changing the hairpin RNA

conformation, might determine a defective cleavage activity

by DROSHA. Conversely, the identified variant in miR-3940

might impair its proper maturation by DICER because of the

formation of a bulge in its secondary structure.

Our analysis also identified rare variants in the 3′-seed
sequences of 6 miRNAs, which represent the functional region

of these small non-coding RNAs. The recognition and binding of

target genes are, in fact, due to the perfect matching with the

miRNA seed sequence. Therefore, variants in this 7-nucleotide

long sequence are supposed to exert a biological effect by

changing the set of recognized and bound target genes. Our

in silico predictions do confirm that all the 6 miRNAs harbouring

a variant in the seed sequence show a very different array of

targets compared to their reference miRNAs, also when

considering a specific subset of ALS-associated genes (Eitan

et al., 2022). Of interest, by conducting an ORA of the newly

identified target genes for the seed-mutated miRNAs, we found

changes in the GO pattern, especially in GO terms related to

TABLE 4 List of miRNAs with rare variants in the seed sequence.

miRNA Chr Start End Variant Ref Alt Ref_seed Alt_seed

miR-214 1 172107970 172107971 snv C T CAGCAGG CAGCAAG

miR-4423 1 85599525 85599526 snv T C UAGGCAC CAGGCAC

miR-509-1 X 146342085 146342085 ins — ATC GAUUGGU GAUGAUU

miR-518a-1 19 54234314 54234315 snv C G AAAGCGC AAAGGGC

miR-5586 14 60113696 60113697 snv C T AGAGUGA AGAAUGA

miR-941-3 20 62550964 62550965 snv G A ACCCGGC ACCCAGC

Genome assembly GRCh37/hg19; Chr, chromosome; snv, single nucleotide variant; ins, insertion; Ref, reference sequence; Alt, alternative sequence; Ref_seed and Alt_seed, mature miRNA,

seed sequence in the two conditions (the reference and alternative variants are indicated in red).

TABLE 5 Prediction of target genes of miRNAs with variants in the seed sequence.

miRNA Ref seed
gene
targets

Alt seed
gene
targets

Common
targets

New
targets

ALS panel
targets* (ref
sequence)

ALS panel
targets*

Common
ALS targets

New ALS
targets

(n) (n) (n) (n, and %) (n) (alt seed) (n) (n) (n, and %)

miR-214 10149 9075 6321 2754 (30%) 162 156 112 44 (28%)

miR-4423 5950 10031 4310 5721 (57%) 93 155 67 88 (56%)

miR-509-1 4008 5560 1912 3648 (65%) 63 98 35 63 (64%)

miR-518a-1 2207 8891 1521 7370 (82%) 40 167 30 137 (82%)

miR-5586 7264 8687 4702 3985 (45%) 124 148 87 61 (41%)

miR-941-3 2803 8806 2036 6770 (76%) 39 133 32 101 (75%)

*The ALS, panel includes 295 candidate genes previously reported (Eitan et al., 2022).

ref, reference miRNA, seed sequence; alt, alternative miRNA, seed sequence identified in our sALS, cohort.
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FIGURE 4
Over Representation Analysis performed on target genes predicted for the reference and the alternative variant in themiRNA seed sequence for
(A) miR-941-3 and (B) miR-509-1.
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nervous system development for the mutant miR-941-3 and

miR-509-1 target genes. Our findings clearly suggest that

ALS-associated mutations in miRNA seed sequence may gain

a function in regulating novel genes and different cell pathways.

A critical point in trying to define the biological effects of

miRNA genetic variants is also represented by the scarce

availability of expression data about miRNAs, about which we

obtained information only for 15% of them, although most of

them (10/12) showed expression in neuronal tissues. In

particular, one miRNA (miR-219a-2) showed a very specific

expression in the brain with the highest expression level in

spinal cord. However, few available literature data only report

that miR-219a-2 is up-regulated in the synaptosome fraction

obtained from post-mortem brains of patients suffering from

major depressive disorder (Yoshino et al., 2021).

Another critical point is represented by the need to validate

in silico predictions by functional in vitro/in vivo assays.

Establishing the real impact and a clear relevance of these

miRNA gene variants on ALS onset and disease progression

therefore remains a burdensome task. So far, the majority of

studies on ALS have indeed focused on the identification of

miRNAs as possible prognostic factors whose expression is

altered in patients’ biofluids, including miR-124, miR-155,

miR-181a1/b1, miR-181a2/b2, and miR-206 (Toivonen et al.,

2014; Cunha et al., 2018, 155; Magen et al., 2021; Vaz et al., 2021;

Banack et al., 2022; Joilin et al., 2022). In our analysis, no rare

variants were found in these specific candidate miRNA loci, likely

due to our small sample size. However, the association between

ALS phenotype and noncoding regulatory sequences has been

recently tested using several thousands of WGS data from

ProjectMinE sequencing Consortium. Rare variants in

1750 autosomal miRNA genes and in 295 noncoding 3′UTR
of candidate genes linked to sALS were aggregated to test the

relationship with the disease (Eitan et al., 2022). No significant

associations emerged from these data, possibly because of the

small size of miRNA genes which makes this analysis particularly

complex at statistical level.

Despite the lack of conclusive functional data, we here

provide an operative workflow to analyze miRNA genetic

variability from WGS data and to predict the biological effects

of non-coding variants on pre-miRNA folding and on miRNA

target gene recognition. This pipeline could be adopted for future

studies on largerWGS datasets regarding not only ALS but, more

broadly, all complex diseases.
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