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ARTICLE INFO ABSTRACT

Keywords: MicroRNAs (miRNAs) are a class of small, non-coding RNAs involved in different cellular functions that have
miRNA emerged as key regulators of neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS). ALS is a
ALS fatal disease that lacks of not only effective treatments, but also presents delays in its diagnosis, since reliable
Biomarker .. . . . . . .

Lymphoblasts clinical biomarkers are unavailable. In recent years, advancements in high-throughput sequencing strategies

have led to the identification of novel ALS biomarkers, facilitating earlier diagnosis and assessment of treatment
efficacy. Since immortalized lymphocytes obtained from peripheral blood are a suitable model to study patho-
logical features of ALS, we employed these samples with the aim of characterize the dysregulated miRNAs in ALS
patients. Next-generation sequencing (NGS) was utilized in order to analyze the expression profiles of miRNAs in
immortalized lymphocytes from healthy controls, sporadic ALS (sALS), and familial ALS with mutations in su-
peroxide dismutase 1 (SOD1-ALS). The screening analysis of the NGS data identified a set of dysregulated
miRNAs, of which nine candidates were selected for qRT-PCR validation, identifying for the first time the
possible importance of hsa-miR-6821-5p as a potential ALS biomarker. Furthermore, the up-regulated miRNAs
identified are predicted to have direct or indirect interactions with genes closely related to ALS, such as SIG-
MAR1, HNRNPA1 and TARDBP. Additionally, by Metascape enrichment analysis, we found the VEGFA/VEGFR2
signaling pathway, previously implicated in neuroprotective effects in ALS, as a candidate pathway for further
analyses.

1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disease characterized by the progressive degeneration of motor neurons,
leading to muscle atrophy and paralysis (Feldman et al., 2022).
Currently, there is an absence of effective treatments, and only a limited
number of palliative options have been approved in certain countries. In
Europe, riluzole remains the only drug in clinical use, while ultra-high
doses of vitamin B12 have recently been approved in Japan (Oki
et al., 2022). Furthermore, ALS exhibits significant clinical variability
among patients, often resulting in diagnostic delays averaging 10 to 16
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months (Lynch, 2023). There is an urgent need for the discovery of new
biomarkers for ALS to accelerate accurate diagnosis, support the
development of effective therapies, and enable successful patient strat-
ification for clinical trials.

Blood-derived biomarkers have emerged as essential tools for diag-
nosis, prognosis, and improving clinical outcomes. Their utility stems
from the minimally invasive nature of blood collection, the ease of
sampling in most clinical settings, and their ability to provide early in-
dications of disease. Additionally, they enable the monitoring of disease
progression and treatment responses. This kind of biomarkers encom-
passes a range of molecular types, such as proteins, metabolites, and
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non-coding RNAs, that may provide comprehensive information about
disease mechanisms (Sturmey and Malaspina, 2022). MicroRNAs
(miRNAs) are small, non-coding RNAs that play crucial roles in various
cellular functions serving as key regulators in neurodegenerative dis-
eases, including ALS (Li et al., 2023). miRNAs can be detected in blood-
derived lymphocytes, serum, or plasma, providing a minimally invasive
diagnostic tool (Banack et al., 2024; Nagaraj et al., 2017). Recently,
high-throughput transcriptomics has significantly advanced the field as
it is a cost-effective technique to analyze the complete set of RNA
transcribed by specific cells or tissues under defined biological condi-
tions (D’Agostino et al., 2022). Moreover, miRNA profiling datasets for
ALS, combined with artificial intelligence approaches, have led to the
development of complementary diagnostic tools that aid in the early
recognition of the disease (Cheng et al., 2023).

Peripheral cells, including lymphoblastoid cell lines (LCLs) derived
from ALS patients are recognized as a suitable and valuable model for
accelerating drug discovery and studying different pathological path-
ways of ALS (Pansarasa et al., 2018). We have utilized these samples to
characterize not only the miRNAs that are dysregulated in ALS patients
but also to identify a reliable miRNA profile that respond to different
treatments and can be used as prognostic biomarkers in future clinical
trials. Recently, LCLs from ALS patients have been used to perform a
transcriptional profiling of miRNA-mRNA interactions to study differ-
ences in patients with longer survival from disease onset compared with
those with short survival (Waller et al., 2024), showing the utility of
these cells as a source of potential biomarkers. Moreover, previous re-
sults showed that LCLs accurately represent the genetic material of the
donor (Londin et al., 2011).

The goal of this work was to determine whether there are differential
RNAs profiles among the well- known ALS subtypes, as this kind of in-
formation could provide additional insights into disease pathologies,
and may help in diagnostic procedures and to develop personalized
therapeutic treatments. In particular, we focused on the comparison of
miRNA expression levels in LCLs derived from sporadic ALS patients and
patients carrying mutations in the SOD1 gene, as we and others had

Table 1
Demographic and clinical characteristics of participants.
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detected distinct molecular and clinical features (Lastres-Becker et al.,
2021; Mackenzie et al., 2007). We here describe the study of three
different cohorts: a group of sporadic ALS subjects, a group from of SOD1
mutations-associated ALS patients, and a neurologically normal cohort
as healthy controls. We assessed the differential expression of miRNAs in
easy accessible peripheral cells from patients and control individuals
through next generation sequencing (NGS), and posterior qRT-PCR
validation of the most significant changes in the three populations. In
addition, we investigated the influence of clinical disease presentation
(bulbar or spinal) in miRNAs expression levels, and the usefulness of
tideglusib treatment, a GSK-3 inhibitor under clinical development for
myotonic dystrophy (Horrigan et al., 2020) and effective in several ALS
models (Martinez-Gonzalez et al., 2021), to recover miRNAs levels in
ALS cell cultures.

2. Materials and methods
2.1. Subjects

Blood samples were obtained after written informed consent. In all
the cases, the privacy rights of human subjects have been observed. All
patients were diagnosed by applying the revised El Escorial criteria
(Ludolph et al., 2015) in the Hospital 12 de Octubre (Madrid, Spain). All
procedures were in accordance with National and European Union
Guidelines and approved by Institutional Review Board of Hospital 12
de Octubre (CEIC02506), and the Ethics Committee of the Spanish
Council of Higher Research (protocol code 002/2020, 19 May 2021).
Demographic and clinical information of control subjects and patients is
presented in Table 1.

We analyzed miRNA expression using NGS in a total of 15 samples,
including individuals with ALS (n = 10), comprising sALS (n = 5) and
SOD1-ALS (n = 5), as well as healthy controls (n = 5). For qRT-PCR
validation of the dysregulated miRNAs, the sample size was increased
to a total of 25, including patients with ALS (n = 17), comprising sALS
(n =11) and SOD1-ALS (n = 6), in addition to healthy controls (n = 8).

Sex assigned at birth

Age at sample collection Clinical presentation

Group Code
Healthy controls C100 Female
C105 Female
C106 Female
C108 Female
C110 Male
Cl112 Male
C123 Male
C124 Female
ALS Disease Sporadic ALS E2 Female
E4 Female
E5 Male
E6 Female
E8 Male
E10 Male
E19.5 Male
ED5 Female
ED8 Female
ED10 Male
ED11 Female
SOD1-ALS E1l1 Female
E18.5 Male
E18.6 Female
E18.7 Male
E19.4 Male
E20.1 Female
AD Al11 Male
Al121 Female
Al122 Female
A139 Male
Al140 Male

83 NA

54 NA

67 NA

68 NA

75 NA

71 NA

55 NA

50 NA

76 Bulbar
54 Bulbar
54 Spinal
79 Bulbar
55 NK

68 Bulbar
75 Spinal
82 Bulbar
59 Spinal
67 Spinal
65 NK

46 Spinal
49 Spinal
58 Spinal
49 Spinal
45 Spinal
63 NK

76 Mild
80 Moderate
59 Severe
68 Severe
60 Severe

NA: not applicable; NK: Not known. Blue code: samples used in the NGS study.
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The subjects utilized for NGS are indicated in blue, whereas for the qRT-
PCR validation, all the subjects depicted in the table were employed.
Samples from Alzheimer’s disease (AD) patients have been used to
evaluate the specificity of changes found in ALS patients in qRT-PCR
analysis. The experimental outline is summarized in Fig. 1.

2.2. Establishment, culture and treatment of lymphoblastoid cell lines

Blood samples (approximately 8 mL) were obtained through ante-
cubital vein puncture in EDTA-treated tubes. Peripheral blood mono-
nuclear cells (PBMCs) were isolated on Lymphoprep™ density-gradient
centrifugation according to the instructions of the manufacturer (Axix-
Shield Po CAS, Oslo, Norway). Establishment of LCLs was performed in
our laboratory, by infecting peripheral blood lymphocytes with the
Epstein Barr virus following previous described procedures (Miller,
1982).

LCLs were cultured in suspension in RPMI 1640 medium
(Cat#21875034, Gibco/Thermo Fisher, Waltham, MA, USA), 1 x 10°
cells/mL supplemented with 1 % penicillin/ streptomycin (Cat#15140-
122, Gibco/Thermo Fisher Waltham, MA, USA) and 10 % (v/v) fetal
bovine serum (FBS) (Cat#: F7524 Merck, Madrid, Spain) in T flasks held
upright at 37°C in a humidified 5 % CO» atmosphere. LCLs were used
individually, and experiments were not conducted in a blinded manner.
For validation experiments, LCLs were treated with tideglusib (5 pM) or
vehicle for 24 h previously to the RNA extraction. This dose and treat-
ment time were previously successfully used for recovery TDP-43 ho-
meostasis in these cells (Martinez-Gonzalez et al., 2021). The GSK-3p
inhibitor, tideglusib, was synthetized in our laboratory following pre-
viously described procedures (Martinez Gil et al., 2005).

A)
Lymphoblastoid cells lines
derived from patients

o9

© .‘
Healthy controls SALS
n=5 n=5

SOD1-ALS
n=>5

Data analysis E )

-

Iog p-value adj

°
Number of Genes

RNA extraction

Neurobiology of Disease 208 (2025) 106871
2.3. NGS sample preparation

Pellets of the fifteen samples of lymphoblasts mentioned in Table 1
were summited for miR-Seq analysis to Qiagen Genomic Services
(Fig. S1a). RNA was isolated from approximately 2 x 10° cells using the
miRNeasy Mini Kit (QIAGEN) according to manufacturer’s instructions
with an elution volume of 40 pL.

2.4. Library preparation and sequencing

The library preparation was done by Qiagen Genomic Services using
the QIAseq miRNA Library Kit (QIAGEN). A total of 100 ng total RNA
was converted into miRNA NGS libraries. After adapter ligation, unique
molecular identifiers (UMIs) were introduced in the reverse transcrip-
tion step. The cDNA was amplified using PCR (16 cycles) and during the
PCR indexes were added. After PCR the samples were purified. Library
preparation was quality controlled using capillary electrophoresis (Tape
D1000). Based on quality of the inserts and the concentration mea-
surements, the libraries were pooled in equimolar ratios. The library
pool(s) were quantified using qPCR. The library pool(s) were then
sequenced on a NextSeq (Illumina Inc.) sequencing instrument accord-
ing to the manufacturer instructions. Raw data was de-multiplexed and
FASTQ files for each sample were generated using the bcl2fastq2 soft-
ware (Illumina inc.). RNA-seq raw data have been deposited in the Gene
Expression Omnibus under the accession number GSE287831 (submitter
Eva P. Cuevas).

2.5. Read mapping, quality control, and quantification of gene expression

All primary analyses were carried out by Qiagen Genomic Services
using CLC Genomics Server 21.0.4. Using the Qiagen platform, an

B) C)

Differential gene
expression

Small RNA sequencing

|

miRNA levels after D) gRT-PCR validation of
pharmacological treatment selected miRNA
Or ;54:

Healthy controls n=8 . SOD1-ALS n= 6

® sasn-11

‘ Alzheimer's disease n= 5

Fig. 1. Experimental design flow-chart. Type (healthy control, sALS, SOD1-ALS and Alzheimer’s disease) and number (n) of lymphoblast human samples are
depicted. Full description of each individual sample is collected in Table 1. Different steps using in the overall study include: A) RNA extraction from different LCLs of
healthy controls, sALS and SOD1-ALS; B) small RNA sequencing; C) differential gene expression considering different comparisons between samples; D) qRT-PCR
validation of the selected miRNAs and determination of miRNAs levels after pharmacological treatment; E) data analysis using systems pharmacology.
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average of 21.7 million reads per sample was generated (Fig. S1b). The
transcriptomic data exhibited excellent sequencing quality, with a me-
dian PHRED score of 36 across the entire read length for all samples
(Fig. S1c). All the quality control metrics for each sample can be found in
Zenodo (doi: https://doi.org/10.5281/zenodo.14711697).

These reads were subsequently processed and mapped to the miRNA
database (miRbase) to identify the expressed miRNAs in each sample.
The workflow “QIAseq miRNA Quantification” of CLC Genomics Server
with standard parameters was used to map the reads. In short, the reads
were processed by (1) trimming of the common sequence, UMI and
adapters, and (2) filtering of reads with length < 15 nt or length > 55 nt
(Fig. S1d-f). They were then deduplicated using their UMI Reads were
grouped into UMI groups when they (1) started at the same position
based on the end of the read to which the UMI was ligated (i.e., Read2
for paired data), (2) were from the same strand, and (3) have identical
UMIs. Groups that contained only one read (singletons) were merged
into non-singleton groups if the singleton’s UMI could be converted to a
UMI of a non-singleton group by introducing an SNP (Figs. Sle-f).
Deduplicated reads were mapped to miRBase and piRNAdb (Barrenada
et al., 2021) (Figs. S2a-b). The proportion of successfully mapped reads
ranged from 26 % to 51 %, with higher proportions of piRNA-mapped
reads in five samples (Fig. S2c). For downstream analysis, data were
filtered to retain reads between 15 and 55 nucleotides.

The ‘Empirical analysis of DGE’ algorithm of the CLC Genomics
Workbench 21.0.4 was used for differential expression analysis with
default settings. It was an implementation of the ‘Exact Test’ for two-
group comparisons developed by Robinson and Smyth (Robinson and
Smyth, 2008), and incorporated in the EdgeR Bioconductor package
(Robinson et al., 2010).

For all unsupervised analysis, only miRNAs were considered with at
least 10 counts summed over all samples. A variance stabilizing trans-
formation was performed on the raw count matrix using the function
variance-stabilizing transformation (VST) of the R package DESeq2
version 1.28.1. 500 genes with the highest variance were used for the
Principal Component Analysis (PCA). The variance was calculated
agnostically to the pre-defined groups (blind = TRUE).

2.6. Differential expression data analysis

Volcano plots were generated using Python 3.9.15 with the Pandas
1.5.2 and Matplotlib 3.6.2 libraries. For this purpose, fold change |log
fold change| > 1.5 and p-value < 0.01 were used to identify potential
dysregulated miRNAs that could be involved in ALS pathology and select
miRNAs for further validation. Heatmap was designed using Seaborn
0.12.2 hierarchical clustering algorithm. The resulting code can be
found in Zenodo (doi: https://doi.org/10.5281/zenodo.14711697).

2.7. miRNA validation by quantitative real-time PCR (qRT-PCR)

RNA extraction, cDNA synthesis and quantitative polymerase chain
reaction (PCR) were performed using miRNeasy mini kit, miRCURY LNA
RT kit and miRCURY LNA SYBR Green PCR kit (all from QIAGEN),
respectively, according to manufacturer’s instructions. Quantitative
real-time PCR was performed with LightCycler® 96 System and the
associated software using the manufacturer’s recommended conditions.
The miRCURY LNA miRNA PCR Assay (Qiagen) was used in qRT-PCR.
The specific miRNA PCR primer sets utilized are listed in the Table 2.
Each reaction was performed in biological duplicates in at least two
independent experiments. Data analysis was based on the relative gene
expression data using qRT-PCR and the 224CT method (Livak and
Schmittgen, 2001). For normalization, hsa-miR-19b-3p, hsa-miR-26b-5p
and hsa-let-7g-5p were selected as the optimal normalization miRNAs
according to their expression stability between samples using Norm-
finder Software (Table 3). The arithmetic mean of the three miRNAs was
used as the normalization value. UniSp6 RNA Spike-in was utilized to
assess the efficacy of reverse transcription. The validation of miRNAs for

Neurobiology of Disease 208 (2025) 106871

Table 2

List of miRCURY LNA miRNA PCR assays. The grey ones
correspond to those use for normalization and for assesing
the efficacy of reverse transcription

miRCURY LNA miRNA PCR Assay Reference
hsa-miR-205-5p YP00204487
hsa-miR-3150b-3p YP0210925
hsa-miR-3689e (3689a-5p) YP02113857
hsa-miR-3689f YP02106748
hsa-miR-509-3p YP00204458
hsa-miR-513a-5p YP00205900
hsa-miR-513b-5p YP00205620
hsa-miR-513c-5p YP00205928
hsa-miR-6821-5p YP02108669
hsa-miR-19b-3p YP00204450
hsa-let-7g-5p YP00204565
hsa-miR-26b-5p YP00204172
UniSp6 (339306) YP00203954

gqRT-PCR were done using all the samples included in Table 1 and
depicted in Fig. 1.

2.8. miRNA - target network and functional enrichment analysis

To elucidate the role of the validated miRNAs in ALS pathology,
miRNA - gene interactions were profiled and analyzed using network
pharmacology approaches. miRTARBase database (Hsu et al., 2011)
(v.9.0) was used to identify all the experimentally reported gene-
interactions of our validated miRNAs. OpenTarget database (Koscielny
et al.,, 2017) (v.23.12) was employed to consider only those genes re-
ported to be involved in ALS disease. The Human Protein Atlas database
(Thul and Lindskog, 2018) (v.23.0) was collated to discard those genes
reported as not detected (nTPM <1) in lymphoid tissues. Finally,
Cytoscape software (Shannon et al., 2003) (v.3.10.0) was used to
assemble the miRNA — gene interaction network. Metascape (Zhou et al.,
2019) was used to detect the potential molecular pathways altered in
our samples. Adjusted p-value (Benjamini-Hochberg correction) was
employed to ensure statistical significance. All the data analysis was
carried out with KNIME Analytics Platform (Tiwari and Sekhar, 2007)
(v.4.7.8), and the corresponding workflow, together with all the input
data, can be found in the Zenodo repository (doi: https://doi.org/10.5
281/zen0do.14711697).

2.9. Statistics

The resulting data from qRT-PCR validation were expressed as the
mean =+ standard error of the mean (SEM). Student’s t-test was used to
assess statistical differences when comparing only two groups, while
ANOVA test followed by the Bonferroni post hoc test was used to
compare three or more groups. Receiver operating curves (ROC) were
drawn by plotting the sensitivity against 1 — specificity for different
cutoff values. Areas under the ROC curves (AUC) were subsequently
calculated. Those miRNAS with an AUC > 0.8 and a p-value < 0.05 were
considered as potential biomarkers. Statistical analyses were conducted
using GraphPad Prism 8.0 (San Diego, CA, USA).

3. Results
3.1. Sequencing of the small RNA fraction in lymphoblasts

The small RNA fraction sequencing was performed on fifteen samples
of lymphoblasts derived from healthy controls, sporadic ALS (sALS), and

familial SOD1 ALS patients (Table 1). Principal Component Analysis
(PCA) of all samples (healthy controls, sALS, and SOD1-ALS)
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Table 3
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Data from the Normfinder analysis with the best candidate miRNAs to be reference genes in our cells. The selected reference miRNAs appear in bold

(CPM: counts per million).

Name Average Star_1d_ard Coeff?ci(lantof 41
CPM Deviation Variation —

hsa-miR-19b-3p 13174,6821 866,700961 0,065785342 (=

hsa-let-7g-5p 13789,7054 | 1058,039104 0,076726737 "% 31 . Ojig =H+ ¢y, ¢ = 0.03
hsa-miR-26b-5p 10800,1987 | 864,3911962 0,080034749 .E ".. ’
hsa-miR-15b-5p 4819,50375| 401,5969143 0,083327441 S ;§ . )

hsa-let-7d-5p 2587,98323 | 221,3966569 0,085547949 ‘g Ul; ,G
hsa-miR-19a-3p 1961,23937 | 178,5827236 0,091056057 g 11

hsa-let-7f-5p 63128,4621 | 5841,863282 0,092539293 § $oo's
hsa-miR-148b-3p 1396,68588 | 137,3752309 0,098358001 et ¢ o
hsa-miR-30e-5p 7696,54082 | 773,9438085 0,100557358 01 =

=25 0.0 25 5.0 7.5 10.0 125

hsa-miR-374a-5p 584,988944 | 59,56557695 0,101823423 Average expression (log)

demonstrated a greater variability in sALS samples than in the other two
groups (Fig. 2). This variability is consistent with the high degree of
clinical heterogeneity characteristic of sALS patients (Sabatelli et al.,
2013).

Data examination revealed a peak at the expected miRNA length of
approximately 21 nucleotides, while five samples exhibited a secondary
peak at around 30 nucleotides. This is indicative of a high proportion of
piwi-interacting RNAs (piRNAs) in these samples, which are regulatory
small noncoding RNAs involved in gene regulation (Wu et al., 2020).

Volcano plots are a useful way to visualize the magnitude, direction
and significance of differential expression between two experimental
subjects. Therefore, we generated volcano plots of piRNAs differential
expression levels to identify up- or down-regulated piRNAs. Fig. 3 shows
the relationship between piRNA p-values and fold changes among the
samples.|log2 fold change| > 1.5 and p-value < 0.01. were used as
criteria to identify potential up- or down-regulated piRNA. The
following comparative analyses were performed: sALS vs. healthy

controls, SOD1-ALS vs. healthy controls, and ALS-disease (SALS + SOD1-
ALS) vs. healthy controls (Fig. 3a). Our results showed that only two
piRNAs, hsa-piR-33168 and hsa-piR-33188, were down-regulated in the
samples from sALS patients compared to healthy controls, which can be
found in the other two proposed comparisons (Fig. 3a, b). Surprisingly,
we found a large set of piRNAs with lower expression in the comparison
of SOD1-ALS patients versus controls (Fig. 3a). Specifically, those
exhibiting the greatest change in expression are hsa-piR-5747, hsa-piR-
28,764, hsa-piR-24,541, hsa-piR-27,484, and hsa-piR-5748. In terms of
potential up-regulated piRNAs, we only found hsa-piR-32,171 in the ALS
disease versus healthy control comparison (Fig. 3a, b). These results
suggest a distinct dysregulation of piRNAs in lymphoblasts from SOD1-
ALS patients compared to sALS, providing a starting point to elucidate
the underlying differences between these types of patients.

e FEMALE e CONTROL
15 1 ° 30711-002 A MALE ® SPORADIC ALS
SOD-1ALS

10
[0}
(&)
( o=
.©
= 30711-001 30711-008 A
> 5 A o
° 30711-004
wn
-
& 30711-007
O [ J
o 01

30711-Q10 30711,005
A fe
30711-003 2
° 30711-009
-5 - 30711-006
-5 0 5 10

PC1: 21% variance

Fig. 2. Principal component analysis (PCA) of the small RNA fraction sequencing from human lymphoblasts (healthy, SALS and SOD1-ALS).
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Fig. 3. a) Volcano plot representations of the differential piRNA expression for each comparison. Thresholds are defined by |log2 fold change| > 1.5 and p-value <
0.01. Down-regulated and up-regulated miRNAs are marked in blue and red, respectively. b) Venn diagram representing the number of dysregulated piRNAs
identified in the three comparisons. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.2. Analysis of differentially expressed miRNAs in lymphoblasts

Volcano plots of miRNAs differential expression levels in control
versus SALS or SOD1-ALS samples were generated to identify up- or
down-regulated miRNAs. As shown in Fig. 4a, the comparison between
sALS and healthy controls revealed 11 dysregulated miRNAs, with 9 up-
regulated and 2 down-regulated. Similarly, in the comparison between
SOD1-ALS and healthy controls, 13 miRNAs were dysregulated, with 7
up-regulated and 6 down-regulated. ALS-disease versus healthy controls
showed 8 up-regulated and 3 down-regulated miRNAs. When consid-
ering a p-value < 0.01, only two miRNAs were common to all compar-
isons: a down regulation of hsa-miR-6821-5p, and an up-regulation of
hsa-miR-3150b-3p (Fig. 4b). Regardless of the p-value, hierarchical
clustering of the volcano plot-selected miRNAs confirmed the existence
of two sets of miRNAs. Despite the observed differences in the magni-
tude of fold change, 8 miRNAs are down-regulated, while 15 miRNAs
tend to be up-regulated (Fig. 4c).

Due to the multiple comparisons in the experimental design, the p-
value criteria often lead to an increase in the false positive rate. To avoid
this, we performed a subsequent validation of the identified miRNAs
conducted through qRT-PCR. We selected a group of seven miRNAs
common in at least two comparisons and/or with great magnitude of
expression levels (Fig. 4b). Moreover, further analysis of the data
revealed two miRNAs that presented high fold change values (|log; fold
change| > 1.5). However, due to their compromised p-value (p-value
>0.01), these would have been excluded according to the volcano plot
filtering criteria. Specifically, these were: hsa-miR-3689f common to
sALS (log; fold change = 5.875232163, p-value = 0.010922014), SOD1-
ALS (logs fold change = 5.214531178, p-value = 0.024250551), and

ALS-Disease (logs fold change = 5.58208199, p-value = 0.012278682),
and hsa-miR-509-3p, present only in the sALS subset (log; fold change =
5.229290982, p-value = 0.019568025) and in the ALS-Disease group
(logs fold change = 4.311538921, p-value = 0.054157599). Both miR-
NAs were also selected for qRT-PCR validation, as shown in Fig. 4.
Overall, the nine miRNAs selected for final validation are summarized in
Fig. 4d.

3.3. Validation of the selected dysregulated miRNA candidates in
lymphoblasts

The subsequent validation was performed by qRT-PCR. The selection
of optimal reference miRNAs for data normalization was achieved
through the utilization of the NormFinder software, leading to the se-
lection of hsa-miR-26b-5p, hsa-miR-19b-3p, and hsa-miR-let-7g-5p as
endogenous references. Expression changes in the nine selected miRNAs
(Fig. 4c) were validated using a larger cohort of lymphoblast samples: 17
ALS samples (11 sporadic and 6 SOD1) and 8 healthy controls (Table 1).
Significant differences in expression were confirmed for the majority of
candidate miRNAs. Up-regulation of several miRNAs, including hsa-
miR-509a-3p, hsa-miR-513a-5p, hsa-miR-513c-5p, hsa-miR-3150b-3p,
hsa-miR-3689a-5p, and hsa-miR-3689f, was validated in sALS patients
compared to healthy controls. A similar up-regulation trend was
observed for hsa-miR-205-5p and hsa-miR-513b-5p. In SOD1-ALS sam-
ples, an up-regulation trend for hsa-miR-205-5p and hsa-miR-3150b-3p
was also observed compared to healthy controls, although it did not
reach statistical significance (Fig. 5). Notably, hsa-miR-6821-5p was
observed to be down-regulated in both sALS and SOD1-ALS, corrobo-
rating the NGS data.
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Fig. 4. a) Volcano plot representations of the differential miRNA expression for each comparison. Thresholds are defined by |log2 fold change| > 1.5 and p-value <
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miRNA for RT-qPCR validation c) Heatmap representation of the differentially expressed miRNA according to the three comparisons. d) Selected miRNAs obtained in
the NGS for further validation. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

To assess the specificity of the nine selected candidate miRNAs for
ALS (Fig. 4c) the expression levels of these miRNAs were tested in five
LCLs derived from Alzheimer’s disease (AD) patients using qRT-PCR.
Among the nine candidates, five miRNAs (hsa-miR-205-5p, hsa-miR-
509-3p, hsa-miR-3689a-5p, hsa-miR-3689f, and hsa-miR-6821-5p)

were found to be up-regulated in AD samples compared to healthy
controls (Fig. 6). An up-regulation trend for hsa-miR-213a-5p (p = 0.07)
and hsa-miR-3150b-3p (p = 0.08) was also observed compared to
healthy controls.

It is noteworthy that hsa-miR-6821-5p demonstrated a contrasting
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Fig. 5. Validation of miRNA expression by qRT-PCR. The relative expression levels of nine miRNAs were quantified in sALS (n = 11) and SOD1-ALS (n = 6) samples
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behaviour, exhibiting a decrease in ALS lymphoblasts (Fig. 5) and a
significant increase in AD lymphoblasts (Fig. 6) relative to healthy
controls. This observation highlights the potential disease-specific dys-
regulation of miRNAs, thereby underscoring the clinical implications of
this particular miRNA profile in differentiating between neurodegener-
ative diseases (Fig. S4).

3.4. Diagnostic potential of the miRNAs profile by receiver operating
characteristic analysis

The diagnostic performance of our candidate miRNAs in dis-
tinguishing patients from control group was assessed by means of the
receiver operating characteristic (ROC) curves and determining the area
under the curve (AUC) (Mandrekar, 2010) (Fig. 7). The ROC curve
analysis revealed a diagnostic potential for each of the following five
miRNAs: hsa-miR-513a-5p, hsa-miR-513c-5p, hsa-miR-3150b-3p, hsa-
miR-3689f and hsa-miR-6821-5p for sALS (Fig. 7, left panel). In all these
cases the p-value is less than 0.05 with AUC values ranging from 0.82 to
1.00 (Fig. 7). Although p-value for hsa-miR-3689f is 1, being

dysregulated in the 100 % of the studied sALS regarding the controls, its
diagnostic potential should be validated in the next future using a larger
number of samples.

When comparing all ALS samples (sporadic and SOD1) to healthy
controls, the ROC curves revealed that only hsa-miR-3689f and hsa-miR-
6821-5p have diagnostic value, with p-values < 0.01 and AUC values of
0.93 and 0.97, respectively (Fig. 7, right panel).

3.5. miRNAs profile distinguishing bulbar and spinal ALS subtypes

Recently, some efforts have been focused on identifying miRNAs as
promising biomarkers in blood samples from ALS patients to differen-
tiate between fast or slow progression of the disease (Waller et al.,
2024). The samples here used offer the possibility to classify the ALS
patients by the clinical presentation (bulbar or spinal subtypes), which
somehow may reflect the progression time of the disease (Requardt
et al., 2021).

After examination of miRNA expression levels in ALS patients with
either bulbar or spinal clinical presentation, a distinct set of miRNAs
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Fig. 6. miRNA expression changes in AD lymphoblast compared to the healthy controls. Five of our nine candidate miRNAs were up-regulated in AD samples. The
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experiment performed in duplicate. Error bars denote SEMs and statistical analyses were conducted using the Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

emerges as characteristic of the bulbar subtype. Up-regulation of hsa-
miR-205-5p, hsa-miR-509-3p, hsa-miR-513a-5p, hsa-miR-513c-5p,
hsa-miR-3150b-3p, hsa-miR-3689a-5p, and hsa-miR-6821-5p was
observed in the bulbar subtype compared to healthy controls (Fig. 8). In
patients with the spinal subtype, up-regulation of hsa-miR-3150b-3p
and down-regulation of hsa-miR-6821-5p were observed compared to
healthy controls (Fig. 8).

Those miRNAs that showed significant changes in bulbar patients
also showed promising AUC values suggesting diagnostic potential
(Fig. 9). On the other hand, this distribution allows us to analyze
whether any of these miRNAs are able to discriminate between bulbar
and spinal patients. The bulbar vs. spinal ROC curves show that the
miRNAs hsa-miR-509-3p (AUC = 0.88), hsa-miR-513a-5p (AUC = 1.00)
and hsa-miR-3689a-5p (AUC = 0.89), effectively differentiate between
these two categories in our cohort of patients (p-value < 0.05).

3.6. The GSK-3 inhibitor tideglusib modulates miR-6821 expression

Tideglusib (TDG) is a non-ATP-competitive GSK-3 inhibitor that has
demonstrated significant potential for ALS treatment (Martinez-
Gonzalez et al., 2021). It has been shown to restore TDP-43 homeostasis
in both cellular and animal models. Given its progression through
various clinical trials for dementia and its current clinical evaluation for
myotonic dystrophy, tideglusib represents a strong candidate for drug
repurposing in ALS therapy (NCT05105958).

To date, no data are available on the effects of tideglusib on miRNA
expression in lymphoblasts from ALS patients. Given the strong down-
regulation of hsa-miR-6821-5p in all ALS samples (Fig. 5) and its su-
perior diagnostic performance (Fig. 7), we aimed to assess whether
tideglusib could modulate hsa-miR-6821-5p expression, which might
hold therapeutic potential. Data corresponding to the levels of the other
miRNAs with the treatment are included in the supplementary file
(Figs. S3 and S5). Our results reveal that upon tideglusib treatment, a
significant recovery of hsa-miR-6821-5p levels in sALS samples is
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produced, while in SOD1-ALS samples only a trend towards recovery
was observed (Fig. 10). These results points to the hsa-miR-6821-5p as a
potential clinical biomarker that can be determined in peripheral fluids
such as lymphocytes, with diagnostic and prognostic value.

Moreover, tideglusib was able not only to rescue the expression of
hsa-miR-6821-5p in the bulbar form, but also decreased the levels of
hsa-miR-205-5p. These findings may suggest a specific therapeutic effect
of tideglusib in fast progressive bulbar ALS patients (Fig. 11 and S5).

3.7. Functional enrichment analysis and miRNA-gene interaction network

It is well known that miRNAs exert their action by suppressing the
transcription or translation of certain genes (O’Brien et al., 2018), we
considered interesting to identify genes targeted by the dysregulated
miRNAs found in ALS patients. This information could elucidate the
involvement of these miRNAs in pathological mechanisms in ALS, in
addition to discovering diagnostic potential. For this purpose, we used
miRTarBase (Cui et al., 2025), a well-curated database that collects all
miRNA-target interactions that have been experimentally confirmed.
Our validated miRNAs were used to map gene-interaction with miR-
TarBase, yielding a total of 729 interactions with 646 genes. According
to the methodology proposed in this work, only those genes that are
expressed in lymphoid cells were considered. Therefore, the Human
Protein Atlas database was used to retain only those genes that are
transcribed in lymphoid tissues, resulting in 576 genes with 650 miRNA
interactions. These genes were then included in an enrichment analysis
to discover which molecular pathways are altered in our cohort of pa-
tients using Metascape (Zhou et al., 2019) (Fig. 12). Notably, we found
that the vascular endothelial growth factor (VEGFA)/VEGF receptor
system (VEGFA/VEGFR2) signaling pathway ranks first with a high
statistical significance (log pagj-value = —6.41), which has shown neu-
roprotective effects in ALS-related contexts (Vijayalakshmi et al., 2015).

To interrogate the data further, we decided to construct a miRNA-
gene interaction network to search ALS-related critical genes that may
be regulated by these differentially expressed miRNAs. Accordingly, the
genes were filtered based on their relevance in ALS pathology using the
OpenTarget database (Koscielny et al., 2017). After this filtering, a total
of 108 interactions and 97 genes were displayed (Fig. 13).

Interestingly, up-regulated miRNAs showed interactions with genes
closely related to ALS, such as SIGMARI, HNRNPA1 and TARDBP.
Because miRNAs are indeed able to reduce gene expression, these in-
teractions would indicate that SIGMAR1, HNRNPA1 and TARDBP may
be down-regulated in sALS patient samples, providing further insights
into the underlying mechanisms of ALS pathogenesis.
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4. Discussion

ALS is a devastating neurodegenerative disease for which there is
neither effective therapy nor clinically relevant biomarkers. With an
average life expectancy of 3-5 years post-diagnosis, it is critical to
identify reliable biomarkers that can shorten diagnostic time, facilitate
the evaluation of emerging therapies, and improve the success of clinical
trials through better patient stratification. To this end, numerous recent
studies have explored biomarkers in peripheral fluids, which could
simplify translation to clinical practice (Irwin et al., 2024). Proteins such
as neurofilaments, SOD1, and TDP-43 are under consideration, along-
side cryptic exons and microRNAs (miRNAs).

miRNAs are small (20-24 nts) non-coding RNAs that regulate gene
expression at the post-transcriptional level, influencing both the stabil-
ity and translation of mRNAs. Increasing evidence suggests that the
molecular changes associated with neurodegenerative diseases occur
not only in the central nervous system but also in peripheral cells such as
lymphocytes, fibroblasts, platelets, and red blood cells (Wojsiat et al.,
2017). Notably, lymphoblasts from ALS patients replicate TDP-43 pa-
thology, making them a valuable pharmacological platform for studying
molecular pathology and evaluating new drug candidates (Posa et al.,
2019).

Using next-generation sequencing (NGS) technology adapted to the
small RNA fraction, we have characterized the miRNA signature of
lymphoblasts derived from ALS patients (both sporadic and with SOD1
mutations) and healthy controls. The primary goal of this work is to
identify novel diagnostic biomarkers that can be easily translated into
clinical applications.

In the present study, we first noticed a significant proportion of
piRNAs in addition to the miRNA peak. Intriguingly, a large number of
piRNAs (>100) are down-regulated in SOD1-ALS samples compared to
healthy controls, while only two piRNAs (hsa-piR-33168 and hsa-piR-
33188) are differentially expressed in sALS compared to healthy con-
trols. These results suggest a distinct role of piRNAs in lymphoblasts
from SOD1-ALS patients compared to sALS, providing a starting point to
elucidate the underlying differences between these two groups of pa-
tients. Although little research has been done until the moment to check
the piRNAs potential role in ALS and other pathologies, the presence of
piRNAs on the pyramidal tract of the medulla oblongata of SALS patients
have been recently reported (Abdelhamid et al., 2022).

The analysis of miRNAs expression levels by NGS and qRT-PCR
validation revealed a similar number of dysregulated miRNAs in sALS
and SOD1-ALS related to control samples. However, the direction and
magnitude of the fold changes differ between the two conditions. In
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Fig. 8. miRNA Expression changes across Bulbar and Spinal ALS subtypes compared to the healthy controls by qRT-PCR. The data are the mean of at least two
independent experiments performed in duplicate. Error bars denote SEMs and the ANOVA test followed by Bonferroni post hoc test was used for statistical calcu-

lations. *p < 0.05, **p < 0.01, ***p < 0.001.

SALS, a greater number of miRNAs are found to be up-regulated than
down-regulated, in contrast to SOD1-ALS samples. After qRT-PCR vali-
dation, we then detected several miRNAs dysregulated in our ALS
samples. These miRNAs, including hsa-miR-509-3p, hsa-miR-513a-5p,
hsa-miR-513c-5p, hsa-miR-3150b-3p, hsa-miR-3689f, and hsa-miR-
6821-5p, were altered in sALS patients relative to healthy controls,
and demonstrated to have a diagnostic potential by ROC curves ana-
lyses. When comparing all ALS patients (sporadic and familial) to con-
trols, only hsa-miR-3689f and hsa-miR-6821-5p demonstrated
diagnostic utility, with p-values <0.01 and AUC values of 0.93 and 0.97,
respectively. These two miRNAs need to be validated in a larger cohort
of ALS patients in future studies.

There is a growing interest in identifying biomarkers capable of
distinguishing faster ALS progressors to optimize clinical trials by
enriching them with patients more likely to exhibit treatment effects
within a limited timeframe (Din Abdul Jabbar et al., 2024). For this
reason, we further analyze the miRNAs expression levels in ALS patients
with either spinal or bulbar clinical presentation, the principal ALS
subtypes, characterized by muscle weakness and atrophy in the limbs, or
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affecting speech and swallowing musculature, respectively (Masrori and
Van Damme, 2020). Bulbar ALS is considered the most devastating type
of the disease based on its fastest decline, the short survival, and a
significantly reduced quality of life (Shellikeri et al., 2017).Here we
report that several miRNAs (hsa-miR-205-5p, hsa-miR-509-3p, hsa-miR-
513a-5p, hsa-miR-513c-5p, hsa-miR-3150b-3p, hsa-miR-3689a-5p, and
hsa-miR-6821-5p) displayed significant changes on bulbar-onset (faster-
progressing) patients relative to changes observed in samples from spi-
nal onset ALS patients. These miRNAs also demonstrated promising
diagnostic potential based on high AUC values.

Remarkably, hsa-miR-6821-5p was found to be up-regulated in AD
patients but down-regulated in ALS patients, including both sporadic
and SOD1 cases. This differential expression highlights its potential as
ALS disease-specific biomarker. Nevertheless, further data in larger co-
horts is needed to confirm these results.

As far as we know, there is not previous evidence linking these
miRNAs to ALS. Notably, hsa-miR-3689f has been previously identified
in B cells from various lymphomas (Jima et al., 2010), while elevated
levels of hsa-miR-6821-5p have recently been associated with
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Fig. 10. hsa-miR-6821-5p levels in lymphoblasts upon tideglusib treatment by
qRT-PCR. sALS and SOD1-ALS cells were treated with tideglusib (5 pM) or
vehicle for 24 h previously to the RNA extraction. The data are the mean of two
independent experiments performed in duplicate. Error bars denote SEMs and
the ANOVA test followed by Bonferroni post hoc test was used for statistical
calculations. *p < 0.05, ****p < 0.0001.

hypercholesterolemia (Escate et al., 2024).In this regard, it is note-
worthy that ALS involves cholesterol dysregulation across various tis-
sues, including muscle (Hartmann et al., 2022; Sapaly et al., 2024).
Furthermore, we recently reported that lymphoblasts derived from
sALS, SOD1-ALS, and c9orf72-ALS patients exhibit reduced cholesterol
uptake compared to lymphoblasts from healthy controls (Etxebeste-
Mitxeltorena et al., 2025). These findings align with the reduced levels
of miR-6821-5p observed in lymphoblasts from ALS patients in this
study. Conversely, high cholesterol levels are strongly correlated with
the severity of AD (Ahmed et al., 2024). This relationship could explain
the overexpression of miR-6821-5p in AD samples, and highlights the
distinct roles this miRNA may play in ALS and AD.
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Notably, treatment with tideglusib, a GSK-3 inhibitor currently being
considered for ALS drug repurposing (Martinez-Gonzdlez et al., 2021),
was found to rescue miR-6821-5p dysregulation in SALS samples. These
results suggest that miR-6821-5p holds promise as a reliable biomarker
for ALS diagnosis and prognosis, as well as a potential target for thera-
peutic intervention. Interestingly, treatment with tideglusib not only
restored the expression of hsa-miR-6821-5p in bulbar-onset ALS samples
but also decreased the levels of hsa-miR-205-5p. Remarkably, a study
reported miR-205-5p regulates the apoptotic PI3K/AKT/GSK-3
signaling pathway, and reduced levels of miR-205-5p can inhibit cell
invasion and transformation (Zhang et al., 2019). Many studies have
shown that PI3K/AKT pathway can be activated to increase anti-
apoptotic protein expression levels to improve cell survival rate and
mitochondrial function in ALS. Thus, high levels of miR-205-5p may be
associated to a decreased activity of PI3K/AKT/GSK-3 signaling which
enhance apoptosis and GSK-3 activity resulting in cell death. This is
more relevant in the aggressive bulbar ALS subtype. Intriguingly, this is
in agreement with the reduction of miR205-5p levels by tideglusib and
with the increased activity of GSK-3 previously found in sALS lympho-
blasts (Martinez-Gonzalez et al., 2021). These findings may suggest a
specific therapeutic effect of tideglusib in fast progressive bulbar ALS
patients.

Finally, by target prediction and enrichment analysis, we identified
potential cellular pathways that may be post-transcriptional regulated
by our set of miRNAs, highlighting the VEGFA/VEGFR2 system. This
pathway is crucial in angiogenesis activation by inducing the prolifer-
ation, survival, sprouting and migration of endothelial cells, and also by
increasing endothelial permeability (Claesson-Welsh and Welsh, 2013).
Studies reported inhibition of this pathway increase the loss of lower
motoneurons and axons in a model of multiple sclerosis (Stanojlovic
et al., 2016) while VEGFA/VEGFR2 activity has shown neuroprotective
effects in the NSC-34 motor neuron cell line (Vijayalakshmi et al., 2015).
All these data may point to the therapeutic role for the VEGFA/VEGFR2
system in ALS.

Furthermore, our analysis shows that the set of miRNAs here iden-
tified may reduce SIGMAR1, HNRNPA1 and TARDBP expression in SALS
patient samples. In fact, it is well-known that the absence or down-
regulation of sigma 1 receptor leads to an increase in cytosolic cal-
cium concentration (Prause et al., 2013) being involved in several of the
alterations that occur in ALS pathophysiology (Herrando-Grabulosa
et al., 2021), such as the dissociation of mitochondria-ER membrane
components (Watanabe et al., 2016). Similarly, reduced levels of
HNRNPAI, a ribonucleo-protein responsible for the transport and
metabolism of several mRNAs, have been reported in the human spinal
cord of ALS patients (Honda et al., 2015). Finally, TARDBP codes the
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Fig. 11. Expression levels of hsa-miR-205-5p and hsa-miR-6821-5p classifying patients’ cells depending on the bulbar or spinal onset and compared to the healthy
controls by qRT-PCR. The cells were treated with tideglusib (5 pM) or vehicle for 24 h previously to the RNA extraction. The data are the mean of at least two
independent experiments performed in duplicate. Error bars denote SEMs and the ANOVA test followed by Bonferroni post hoc test was used for statistical calcu-

lations. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 12. Metascape enrichment analysis. Top-20 significantly enriched terms (p.qj -value <0.05) along with the number of genes involved.

nuclear protein TDP-43, one of the most studied protein in ALS. Our
prediction suggests that hsa-miR-513a-5p could target TDP-43. Further
experimentation is needed to confirm this miRNA-target relationship
and its role in ALS-related contexts. Until the moment, hsa-miR513a-5p
was only known to be responsible of decreased levels of progesterone
receptor being a risk factor for breast cancer (Muti et al., 2018).

Altogether, our results suggest that the analysis of miRNA expression
levels in lymphoblasts derived from ALS patients, offers the possibility to
find potential specific biomarkers for this disease, able to discriminate
between sporadic or familial ALS cases and even between clinical (spinal
or bulbar) ALS presentation. The present study highlights the role of
miR-6821-5p as a reliable biomarker for ALS diagnosis and prognosis, as
well as a potential target for therapeutic intervention.

The current study has, however, some limitations. First at all, only
one sample per patient, taking at the time of enrollment, was tested.
Thus, the expression profile of miRNAs during disease progression needs
to be performed. Second, our results need to be validated in larger and
independent cohorts. The role of hsa-miR-6821-5p as specific role for
ALS needs to be evaluated in a larger number of AD patients and other
neurodegenerative diseases. It would be also important to test whether
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the dysregulated miRNAs, herein described, can also be observed in
plasmas to easy the performance in already existing clinical in-
frastructures for analyses of blood. On the other hand, work aimed at
detecting differential expression of these miRNAs in motor neurons from
ALS patients should be done.

5. Conclusions

miRNAs hold great promise for improving ALS diagnostics, prog-
nostics, and therapy monitoring. Their clinical use may potentially
accelerate the development of personalized treatment strategies.
Following this idea, we have provided a set of altered miRNAs identified
in lymphoblasts from ALS patients, both sporadic and with SOD1 mu-
tations, that may aide to the diagnostic and prognostic of ALS. Most
importantly, our study showed that hsa-miR-6821-5p is down-regulated
in ALS patients and demonstrates superior diagnostic potential. The
further role of hsa-miR-6821-5p needs to be explored. Combining
miRNA data with protein, metabolic, or imaging biomarkers could
enhance diagnostic accuracy and patient stratification. The GSK-3 in-
hibitor tideglusib is able to rescue the expression of some of these
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blue. The genes, represented as circles, are colored according to the score obtained in the OpenTarget database.

miRNAs which show not only the therapeutic potential of this drug but
also confirm the potential use of these biomarkers to follow the efficacy
of this drug in a future clinical trial. Only large cohort and multi-center
studies will confirm the utility of these miRNAs as ALS biomarkers.
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