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ARTICLE INFO ABSTRACT
Keywords: Amyotrophic lateral sclerosis (ALS) lacks reliable, disease-specific, and minimally invasive biomarkers, repre-
Amyotrophic lateral sclerosis senting a major barrier to early diagnosis and patient stratification. The primary aim of this translational pilot

Diagnostic biomarker study was to identify a disease-specific, TDP-43-related, gene-microRNA (miRNA) signature in peripheral blood

EfaMngcri tomic mononuclear cells (PBMCs) of ALS patients with potential diagnostic value. To this end, we first identified
miRNA P differentially expressed disease-specific genes (dsDEGs) using a TDP-43-based rat model of ALS, generated by

TDP-43 stereotaxic infusion of full-length (FL) TAR DNA-binding protein 43 (TDP-43) into the motor cortex. Tran-
scriptomic profiling of the motor cortex revealed candidate dsDEGs, which were subsequently validated by RT-
qPCR in motor cortex, spinal cord, and PBMCs from the same animals.

To assess translational relevance, expression levels of these dsDEGs were analyzed in PBMCs from early- to
mid-stage ALS patients and matched healthy controls, while disease specificity was evaluated using Parkinson's
disease (PD) samples. In parallel, conserved miRNAs predicted to target the identified dsDEGs were examined in
both rat and human PBMCs.

Five dsDEGs, Mctpl, Penk, Mt2A, Drd1, and Rasgrp2, were consistently dysregulated across central and pe-
ripheral tissues in the TDP-43 rat model. RT-qPCR analysis of human PBMCs confirmed significant and selective
dysregulation of these genes in ALS, but not in PD, supporting disease specificity. Moreover, exposure of human
neuroblastoma cells and healthy PBMCs to TDP-43 recapitulated the ALS-like expression changes. Computational
and experimental analyses identified seven conserved miRNAs targeting these dsDEGs, of which four were
significantly downregulated in ALS PBMCs, supporting a coordinated regulatory network.

Receiver operating characteristic (ROC) analyses demonstrated strong discriminative performance for both the
gene signature (AUC 0.87-1.00) and the associated miRNAs (AUC 0.95-1.00). Together, these findings define a
novel PBMC-based gene-miRNA signature that mirrors central ALS pathology and shows high diagnostic accu-
racy and disease specificity, highlighting its potential as a minimally invasive biomarker for ALS.
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1. Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative
disorder affecting upper and lower motor neurons in the cerebral cortex,
brainstem, and spinal cord, leading to progressive weakness, muscle
atrophy and spasticity, ultimately resulting in complete denervation of
voluntary muscles (Mead et al., 2023). Disease onset is typically focal,
arising in restricted regions of the central nervous system (CNS) and
subsequently spreading throughout the motor network as pathology
progresses.

A pathological hallmark of most ALS cases, including nearly all
sporadic (sALS) and most familiar (fALS) cases, is the presence of
cytoplasmic inclusions containing phosphorylated TAR DNA-binding
protein 43 (pTDP-43) in neurons and motor nerve biopsies (Prasad
et al,, 2019; Riva et al., 2022). TDP-43 is a ubiquitously expressed
RNA-binding protein involved in multiple aspects of RNA metabolism,
including splicing, transport, and stability (Ling, 2018). Among more
than 40 genes associated with mutations in ALS, TAR DNA-binding
protein gene (TARDBP) mutation is recognized as highly frequent
(Renton et al., 2014; Yuan, 2024), with significantly high frequency in
specific geographical regions such as Sardinia Island in Italy where,
along with the C9orf72 mutation, it is a primary driver of ALS ac-
counting for about 30% of cases (Chio et al., 2011). TDP-43 pathological
mislocalization and aggregation represent a unifying hallmark of ALS,
observed in nearly all sALS and most fALS cases. In disease conditions,
TDP-43 undergoes nuclear clearance and accumulates in the cytoplasm,
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where it forms phosphorylated and ubiquitinated aggregates associated
with neuronal dysfunction and degeneration (Liu et al., 2017; Klim
et al., 2021).

Despite advances in understanding ALS pathophysiology, diagnosis
still relies largely on clinical and electrodiagnostic criteria, often
resulting in diagnostic delay and uncertainty. The lack of reliable,
disease-specific, and minimally invasive molecular biomarkers remains
a major limitation, hindering early diagnosis and timely therapeutic
intervention (Gwathmey et al., 2023; Richards et al., 2021). Although
biofluid markers such as neurofilament light chain reflect axonal
degeneration, they lack disease specificity and do not directly capture
ALS-related molecular pathological mechanisms (Riva et al., 2022;
Sturmey and Malaspina, 2022). The clinical heterogeneity and complex
pathological frame of ALS further complicate the identification of
disease-specific readouts (Sturmey and Malaspina, 2022).

Peripheral blood mononuclear cells (PBMCs) have emerged as a
promising and accessible source of biomarkers, as they recapitulate key
aspects of ALS pathology, including TDP-43 mislocalization, altered
RNA metabolism, proteostasis-involved proteins, and immune dysre-
gulation (De Marco et al., 2017; Filareti et al., 2017; Luotti et al., 2020;
Mosallaei et al., 2022; Nardo et al., 2011; Vega-Benedetti et al., 2024).
Consistently, transcriptomic studies have identified numerous differen-
tially expressed genes (DEGs) and microRNAs (miRNAs) in PBMCs from
ALS patients, supporting their potential diagnostic and prognostic rele-
vance (Dragoni et al., 2025; Grima et al., 2023; Liguori et al., 2018).

Building on this evidence, the primary aim of this pilot study was to
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Fig. 1. Experimental workflow.
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identify a disease-specific, TDP-43-induced, gene-miRNA signature in
PBMCs of ALS patients, with diagnostic value and clear association to
ALS neuropathology. To achieve this, we adopted a translational strat-
egy grounded on the central role of TDP-43 proteinopathy. We leveraged
a preclinical model in which stereotaxic infusion of exogenous full-
length (FL) TDP-43 into the rat primary motor cortex induces ALS-like
pathology that propagates from the motor cortex along the motor axis
to the spinal cord and peripheral muscles, resulting in motor impairment
(Fig. 1). (Marongiu et al., 2026, bioRxiv, 2026.03.27.714692, doi: http
s://doi.org/10.64898/2026.03.27.714692; Staderini et al., 2022; Vivoli
Vega et al., 2019).

Through transcriptomic profiling of the TDP-43-infused rat motor
cortex, we first identified a set of TDP-43-associated, putatively disease-
specific DEGs (dsDEGs). Following a pathology spread-driven tissue
sampling, these candidates were validated by Reverse Transcription
Quantitative PCR (RT-qPCR) across central (motor cortex and cervical
spinal cord) and peripheral (PBMCs) tissues from the same animals,
enabling the selection of dsDEGs consistently reflecting CNS pathology
at the peripheral level. Their translational relevance was then assessed
in PBMCs from early- to mid-stage ALS patients and matched healthy
controls, while disease specificity was evaluated using samples from
Parkinson's disease (PD) patients as a distinct neurodegenerative
comparator.

To further support the mechanistic link with TDP-43 pathology, the
identified gene expression changes were reproduced in human neuro-
blastoma cells and healthy donor-derived PBMCs exposed to TDP-43. In
parallel, given the emerging role of miRNAs in ALS, we identified
conserved miRNAs predicted to target the selected dsDEGs and assessed
their expression in both rat and human samples (Maity and Kaundal,
2025).

Importantly, the combined dsDEG-miRNA signature in PBMCs
demonstrated strong discriminatory power between ALS patients and
healthy controls in receiver operating characteristic (ROC) analyses,
while also distinguishing ALS from PD, supporting both diagnostic ac-
curacy and disease specificity.

Overall, this pilot study defines a novel PBMC-based gene-miRNA
signature that mirrors TDP-43-driven CNS pathology and provides a
minimally invasive, disease-specific molecular readout for ALS. These
findings represent an important step toward the development of clini-
cally applicable biomarkers for early and accurate ALS diagnosis.

2. Materials and methods
2.1. Animals

Male Sprague-Dawley rats (250-275 g, Envigo) were housed in
standard conditions. Procedures were performed in accordance with
European Community guidelines (2010/63 UE L 276 20/10/2010) to
minimize animal pain, discomfort, and reduce animal number. Rats
(TDP-43 n = 5, vehicle n = 5) were anesthetized with Fentanyl (3 mg/
kg)/medetomidine hydrochloride (0.35 mg/kg) and received a unilat-
eral stereotaxic infusion via a silica microinjector at 1 yL/min with 5 pL
of either recombinant purified human FL TDP-43 or vehicle (TDP-43
dissolving buffer: 50 mM HEPES, 0.1% (w/v) PEG 3350, 2 mM LDAO,
0.25% OG, 1 M NaCl, pH 8.0), targeted to the primary motor cortex at
coordinates relative to bregma: +1.9; 0 mm anteroposterior; + 2.8; + 2
mm mediolateral; —1.6 mm beneath the dura). Vehicle-infused animals
served as controls.

All animals were sacrificed four months after surgery, with no vari-
ation in survival time between individuals. Rats were euthanized by
decapitation, and blood pouring from the neck was immediately
collected for PBMC isolation. The infused motor cortex and cervical
spinal cord were rapidly dissected, immediately immersed in trizol re-
agent to preserve RNA integrity, and stored at —80 °C until RNA
extraction. Cervical spinal cord tissue was collected from the same an-
imals to assess potential propagation of TDP-43-induced molecular
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alterations along the corticospinal axis, based on preclinical findings
showing that FL. TDP-43 pathology spreads throughout and beyond the
CNS, affecting motor cortex, spinal cord, and peripheral muscles
(Marongiu et al., 2026, bioRxiv, 2026.03.27.714692, doi:https://doi.
org/10.64898/2026.03.27.714692), in agreement with previous
studies (Brettschneider et al., 2013; Porta et al., 2018; Ding et al., 2021).

Extracted RNA from motor cortex samples was subsequently used for
transcriptomic analysis and RT-qPCR validation, while cervical spinal
cord samples were used for RT-qPCR validation. PBMCs were isolated
from whole blood according to established protocols (see dedicated
section below) and processed for RNA extraction and gene expression
analyses to assess peripheral modulation of dsDEGs.

2.2. Participants

Patients with ALS were all recruited in Sardinia, at a tertiary referral
clinic of the Institute of Neurology, University of Cagliari (Table 1, ALS
n = 10, HC n = 10). The study included ALS patients of Sardinian
ancestry (defined as subjects with both parents of Sardinian origin).
Study eligibility criteria were diagnosis of ALS and time interval be-
tween symptom onset and diagnosis of less than 17 months. Diagnostic
criteria: all patients met the revised El Escorial-Arlie House Criteria for
ALS diagnosis (Cedarbaum et al., 1999). Subjects with definite or
probable laboratory-supported ALS were included in the study. Based on
the onset site, patients were classified as having ALS with spinal-onset,
bulbar-onset, or spinal/bulbar-onset. Complete neurological evalua-
tion was performed for all patients, classified by the King's staging
(Roche et al., 2012) system and the ALSFRS-R (ALS Functional Rating
Scale-Revised) score (Paxinos and Watson, 2006; Brooks et al., 2000).
Blood from ALS patients was screened for the coding exons of SOD1,
ATXN2, and exon 6 of the TARDBP gene. Genomic DNA was amplified
by polymerase chain reaction (PCR) and sequenced with the ABI3500x1
Genetic Analyzer. FUS was not screened. A repeat-primed polymerase
chain reaction assay was used to screen for the presence of the GGGGCC
hexanucleotide expansion in the first intron of COORF72.

Patients with PD were recruited at the Department of Neurology AO
Brotzu, Cagliari, Italy (Supplementary Table S1, PD n = 5, HC n = 5).
Age and sex-matched healthy individuals were recruited as controls
among patient relatives and caregivers.

Samples and data collection was performed in accordance with the
Declaration of Helsinki, and received approval of the Sardinian Insti-
tutional Research Ethics Committee and ARNAS for PD study (PROT.
NP/2023/1562; ARNAS PROT. 355, 03-13-2025), and was conducted in
line with the ethical rules for data collection. The informed consent to
participate in the study has been obtained from participants.

Table 1
Demographic and clinical features of ALS patients and healthy control subjects.
ALS (n = 10) HC (n = 10)
Gender (number) 6F, 4 M 6F, 4 M
Age at sampling (mean + SD), years 65.4 + 6.8 57.7 + 4.8
Age at onset (mean =+ SD), years 64.9 + 6.9
Clinical signs at onset:
Spinal 4
Bulbar 4
Spinal/Bulbar 2
King's Stage 1.6 + 0.8
ALSFRS-R 39+6.1
Genetic mutation:
TARDBP 5
C90rf72 2
No mutation 3

Data are presented as a mean + standard deviation (SD). HC = healthy controls;
F/M = females/males; ALSFRS = ALS Functional Rating Scale-Revised.
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2.3. Power analysis and patients sample size calculation

Sample size estimation for the ALS patient cohort was performed
using G*Power 3.1.9.4. The effect size threshold adopted by Liguori
et al. (2018) a fold change (FC) > 2, corresponding to 2 AACq > 1
was used as reference. Assuming equal variances between groups, as
variance estimates were not reported, and using a two-tailed t-test for
independent samples, we estimated that 6 cases and 6 controls would
provide >80% power to detect differences of -log2(FC) > 1 at a nominal
significance level of P < 0.05. To account for the nine independent tests
included in our validation panel, we also evaluated a multiple-tes-
ting-adjusted threshold of P < 0.005, which increased the required
sample size to 9 cases and 9 controls. Based on these evaluations, a final
sample size of 10 cases and 10 controls was selected. (Supplementary
Fig. S1).

2.4. Blood collection and PBMC isolation

Blood was collected by standard venipuncture into 7-mL BD Vacu-
tainer® CPT™ tubes (Cat n. 362780 BDA), and PBMC isolation was
initiated within 2 h of collection. PBMCs were isolated using Ficoll-
Paque density gradient centrifugation at 1800 xg for 30 min at 20 °C.
The PBMC layer was aspirated, transferred to a 15-mL Falcon tube, and
washed twice with 10 mL PBS. Cells were resuspended in 1 mL PBS and
counted using the Scepter™ 2.0 automatic cell counter (Merck Milli-
pore). Cell suspensions were aliquoted into 1.5-mL tubes and centri-
fuged at 300 xg for 10 min at 20 °C. The supernatant was discarded, and
the pellet was resuspended in 200 pL TRIzol and stored at —80 °C until
RNA extraction.

2.5. TDP-43 purification

Human FL TDP-43 was cloned, expressed and purified as previously
described (Staderini et al., 2022). In brief, E. coli cells transformed with
the plasmid containing the TDP-43 gene were grown, harvested by
centrifugation, lysed by sonication and the resulting suspension was
centrifuged to collect the inclusion bodies. These were washed and
solubilized at high urea concentration and then loaded onto a HisPur Ni-
nitrilotriacetic acid resin gravity flow column. Eluted TDP-43 was
refolded by dilution at 4 °C into a well-defined refolding buffer and then
subjected at 4 °C to size exclusion chromatography (SEC) and subse-
quent ion exchange chromatography (AIEX) coupled to an Akta Pure 25
L system using a HiLoad 16/600 Superdex 200 pg column and a HiTrap
Q Sepharose Fast Flow 5 mL column, respectively. Purified TDP-43
contained 414  residues plus the  N-terminally fused
MHHHHHHSSGVDLGTENLYFQS sequence (436 residues in total). Pro-
tein quality control was assessed with SDS-PAGE for purity, intrinsic
fluorescence for packing and dynamic light scattering for folding,
(Supplementary Fig. S2) as previously reported (Staderini et al., 2022;
Vivoli Vega et al., 2019; Picotti et al., 2007). The Limulus Amebocyte
Lysate (LAL) assay was used to rule out the presence of lipopolysac-
charide endotoxins.

2.6. RNA isolation, library preparation and sequencing

Total RNA was extracted using PureLink® RNA Mini Kit (Ambion
#12183018 A) according to the manufacturer's instructions. The
quantity and integrity of RNA samples were evaluated using Qubit®_2.0
fluorometer and Agilent 2100 Bioanalyzer (Agilent Technologies, Palo
Alto, CA, USA). RNA samples showed concentrations ranging from 68 to
90 ng/pL, A260/280 ratios between 1.87 and 1.99 and RNA Integrity
Numbers (RIN) between 8.7 and 9.1. RNA-seq libraries were prepared
with an Illumina® Stranded mRNA Prep, Ligation Kit (Illumina
#20040532) and IDT®_for Illumina® RNA UD Indexes Set A, Ligation
(Ilumina #20040553). RNA library concentration and quality were
assessed using a Qubit® 2.0 Fluorometer and an Agilent 2100
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Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA). The libraries
had an average fragment size ranging from 350 to 372 bp and concen-
trations between 18.6 and 23.2 ng/pL. Sequencing was performed on an
Illumina NovaSeq 6000 (Illumina Inc., San Diego, CA, USA).

2.7. Next generation sequencing data processing

Bioinformatic analysis was performed using an in-house developed
Snakemake pipeline (https://zenodo.org/records/8369279) to ensure
reproducibility and scalability of the analysis workflow. Sequence data
(RNA-seq) have been deposited in the NCBIGene Expression Omnibus
(GEO) under accession number GSE325171, making the dataset publicly
available. Sequence quality control obtained with FastQC and Cutadapt/
TrimGalore was inspected in an aggregated interactive report produced
through MultiQC. Reads were then aligned to the Rattus norvegicus
reference genome (Accession ID: GCF_015227675.2) using STAR2.
Transcript abundance for each gene and sample was estimated with
Kallisto.

2.8. Differential expression analysis

dsDEGs were identified using the DESeq2 R package. (Love et al.,
2014). Unsupervised hierarchical clustering was performed using
Pearson's correlation and Principal Component Analysis (PCA) was
performed to explore the expression variability. Comparisons were
conducted between the two study groups (TDP-43-treated vs untreated).
Benjamini-Hochberg method was used to adjust DEGs P values and a
cutoff of FDR < 0.05 was selected as the significant threshold. (Sup-
plementary Excel S.1).

2.9. Reverse transcription quantitative PCR

Total RNA was extracted using the PureLink RNA Mini Kit as
described above. First-strand cDNA was synthesized from mRNA using
random primers and the SuperScript™ III First-Strand Synthesis System
(Cat# 18080-051, Invitrogen), according to the manufacturer's in-
structions. RT-qPCR was performed using Platinum SYBR Green (Cat#
11744-100, Invitrogen) on an ABI PRISM 7900 Real-Time PCR System
(Applied Biosystems, Carlsbad, CA, USA) in 384-well plates. Amplifi-
cation was carried out over 40 cycles (95 °C for 15 s and 60 °C for 60 s),
following an initial incubation at 50 °C for 2 min and denaturation at
95 °C for 10 min.

Expression stability of candidate reference genes was evaluated
using geNorm and NormFinder algorithms. GAPDH and p-actin were
selected as stable reference genes and normalization was performed
using their geometric mean. Gene-specific primers for human and rat
targets were designed using Primer3 based on published reference se-
quences. Primer specificity was verified in silico and primers were
commercially synthesized by Eurofins Genomics (Ebersberg, Germany).
Primer sequences are provided in Supplementary Table S2.

miRNA expression analysis was performed using the miRCURY LNA
Universal RT miRNA PCR system (QIAGEN, Cat# 339340) according to
the manufacturer's instructions. RT-qPCR was carried out using the
miRCURY SYBR Green PCR Kit (QIAGEN, Cat# 339345) on the ABI
PRISM 7900 system under the following conditions: 95 °C for 2 min,
followed by 40 cycles of 95 °C for 10 s and 56 °C for 60 s.

All miRNA assays investigated in this study (Supplementary
Table S3) were purchased from QIAGEN (hsa-let-7c-3p, hsa-miR-16-5p,
hsa-miR-103a-3p, hsa-miR-107, hsa-miR-15b-5p, hsa-miR-195-5p and
hsa-miR-328-3p).

hsa-miR-191-5p, hsa-miR-30e-5p, and hsa-miR-30c-5p were identi-
fied as the most stable reference miRNAs using NormFinder and geNorm
algorithms and were used for normalization based on their geometric
mean. All reactions were performed in triplicate and relative gene
expression was calculated using the 27AACq method (Livak and
Schmittgen, 2001). Primer efficiency was assessed using standard
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curves generated from serial cDNA dilutions and all primer pairs showed
amplification efficiencies between 90.5% and 109%.

2.10. Alternative splicing analysis

Alternative splicing (AS) events were identified and quantified using
Replicate Multivariate Analysis of Transcript Splicing (rMATS), version
4.2.0) (Shen et al., 2014) using Rattus norvegicus reference genome
(Accession ID: GCF_015227675.2). By comparing splicing patterns
among experimental groups, various types of splicing events were
identified: skipped exons, mutually exclusive exons, 5' alternative
splicing sites, 3’ alternative splicing sites and retained introns. To ensure
biological significance of the results, rMATS output was filtered for
splicing events with a false discovery rate less than 0.05 and an absolute
inclusion level difference (|APSI|) greater than 0.1. These thresholds
ensure biological significance defined as a difference of at least 10% in
exon inclusion between experimental conditions.

2.11. Identification of miRNAs targeting dsDEGs

miRNA-target gene interactions for dsDEGs in both rats (Rattus
norvegicus) and humans (Homo sapiens) were retrieved using the R
package multiMiR (Ru et al., 2014). For rats, all available miRNA in-
teractions were retrieved, whereas for humans only experimentally
validated interactions were considered. miRNA sequences were ob-
tained from miRBase, and mature sequences for both rat and human
miRNAs were extracted (Ru et al., 2014). To identify conserved miRNAs
across species, sequences were compared with a strict criterion of zero
mismatches, and common miRNAs were identified. These conserved
miRNAs were then cross-referenced with the retrieved miRNA-target
interaction data to determine which miRNAs target the same genes in
both species. Further validation involved confirming correspondence of
miRNA-target interactions in rats and humans. Finally, miRNAs tar-
geting multiple genes were identified, with particular attention to those
overlapping among the five genes of interest, providing insight into
potential shared regulatory pathways.

2.12. Cell cultures and treatment

The mechanistic link with TDP-43 pathology was further established
by analysing the identified gene expression changes in human neuro-
blastoma cells and healthy donor-derived PBMCs exposed to TDP-43.
Human neuroblastoma SH-SY5Y cell line and PBMCs from human
healthy donors were cultured respectively in high glucose DMEM and
RPMI supplemented with 10% fetal bovine serum, 100 units/mL of
penicillin, and 100 pg/mL of streptomycin. SH-SY5Y cells were seeded at
a density of 3 x 10° cells/well in 24-well plates and incubated for 24 h
with 0.06 pM purified human full-length TDP-43 added to the extra-
cellular medium. PBMCs were plated at the density of 5 x 10° cells/well
in 24-well plates and treated for 24 h with 0.1 pM TDP-43 added to the
extracellular medium. After TDP-43 incubation, cells were collected,
resuspended with TRI Reagent (Sigma-Aldrich, St. Louis, MO) for sub-
sequent molecular biology examinations.

2.13. Statistics

All data are presented as mean + standard deviation (SD). Statistical
significance was assessed by unpaired Student's t-test (for two-group
comparison), using Prism (GraphPad, USA) version 10.4. P values less
than or equal to 0.05 were considered statistically significant. *p < 0.05;
**p < 0.01; ***p < 0.001.

Receiver operating characteristic (ROC) analyses were performed to
assess the ability of each biomarker to discriminate ALS patients from
controls. For each gene and miRNA, ROC curves were generated by
plotting sensitivity (true positive rate, expressed as a percentage) against
1-specificity (false positive rate, expressed as a percentage) across all
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possible threshold values. The area under the curve (AUC) was used as a
global measure of discriminative performance. We selected cutoff values
that maximize Youden's J statistic (J = sensitivity + specificity — 1),
which identifies the point on the ROC curve that most effectively bal-
ances sensitivity and specificity.

3. Results
3.1. Pathological outcome of FL TDP-43 intracortical infusion in rat

As described elsewhere (Marongiu et al., 2026, bioRxiv,
2026.03.27.714692, doi: https://doi.org/10.64898/2026.03.27.71469
2), the unilateral infusion of the FL TDP-43 triggered the centrifugal
propagation of neuropathology throughout the central nervous system
(CNS) and beyond, involving the motor cortex, spinal cord, and skeletal
muscles. Intraneuronal phosphorylated TDP-43 (pTDP-43) inclusions
were found, together with region-specific neurodegeneration and
mitochondrial vulnerability, along the corticospinal axis. In addition,
skeletal muscles, specifically the gastrocnemius, exhibited impaired
mitochondrial bioenergetics, associated with motor and non-motor
behavioral deficits (Marongiu et al., 2026, bioRxiv,
2026.03.27.714692, doi: https://doi.org/10.64898/2026.03.27.71469
2). These findings demonstrated interneuronal and brain-to-spinal
cord-to-muscle propagation of TDP-43 pathology in vivo, establishing
a robust non-transgenic model of exogenous FL TDP-43-induced
neurotoxicity. Building on evidence of FL TDP-43-induced pathology
along the rat corticospinal axis, we aimed to identify a disease-specific
(ds) gene expression profile across the same CNS tissues and, ulti-
mately, to validate a corresponding signature in an easily accessible
peripheral tissue - such as PBMCs - with diagnostic potential. To this
aim, the RNAseq analysis of the primary motor cortex from TDP-43-
infused rats was performed, followed by dsDEGs validation using RT-
PCR in tissues from the same animal model, including the motor cor-
tex, spinal cord and PBMCs.

3.2. Intracortical infusion of FL TDP-43 induced significant changes in
the transcriptional profile of the rat motor cortex

Investigational dsDEGs were identified by RNAseq analysis of motor
cortex samples from TDP-43 and vehicle infused rats (TDP-43 n = 3,
vehicle n = 4). Unsupervised hierarchical clustering was produced for
the top 10% variable genes (Fig. 2A). PCA showed that samples from
vehicle-treated rats were clustered distinctly from samples from TDP-43-
treated rats, according to differences of gene expression pattern
(Fig. 2B). Differential expression analysis identified, in TDP-43 samples,
5 altered genes affecting biological functions, including 4 upregulated
(Mctpl, Penk, Drdl, Rasgrp2) and 1 downregulated gene (Mt2A)
compared to vehicle samples (Log2FoldChange > 0; FDR < 0.05),
(Fig. 2C). RNA-seq analysis values for dsDEGs between TDP-43 and
vehicle samples and respective gene functions are shown in Fig. 2D.

3.3. Cortical dsDEGs were validated across the rat motor cortex, spinal
cord and PBMCs

Differential gene expression pattern in the rat motor cortex was
further validated by RT-qPCR, confirming the upregulation of mRNA
levels for Mctpl, Penk, Drdl, and Rasgrp2 genes, and the down-
regulation of Mt2A gene (Fig. 3A). Moreover, validation of differential
gene expression by RT-qPCR in the cervical spinal cord revealed the
same pattern of changes for the five dsDEGs identified in the motor
cortex (Fig. 3B). Finally, RT-qPCR analysis of PBMCs from the same rats
revealed the same expression pattern of the five dsDEGs identified in the
cortex and spinal cord (Fig. 3C), indicating that PBMCs mirror the mo-
lecular alterations occurring in TDP-43-affected nervous tissues.

To further confirm that the observed gene expression changes were
specifically induced by TDP-43, we performed the same RT-qPCR
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Fig. 2. Gene expression pattern in rat motor cortex. (A) Heatmap visualizing the gene expression profiles derived from 7 distinct transcriptomic analyses of the rat
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interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

analysis on cortical tissue from rats infused with a control protein (toxic
a-synuclein oligomers). Notably, the transcriptional alterations detected
following TDP-43 infusion were not observed in the cortex of a-synu-
clein-infused rats, indicating that these gene expression changes are
specific to TDP-43. (Supplementary Fig. S3).

3.4. dsDEGs were also identified in PBMCs from individuals diagnosed
with ALS

Comparative analysis using the Ensembl database confirmed that the
five dsD EGs under investigation are highly conserved between rats and
humans. Therefore, to assess their translational relevance, the expres-
sion of these TDP-43-associated dsDEGs was evaluated in PBMCs from
10 individuals with ALS and 10 healthy controls (HCs). Demographic,
clinical and genetic features of ALS patients and HCs are reported in
Table 1. PBMCs from ALS patients and HCs were analyzed by RT-qPCR
(Fig. 4A), revealing significant dysregulation of all five dsDEGs under
investigation. Interestingly, while some dsDEGs exhibited changes in the
same direction as those observed in rats, others showed opposite trends,
which may reflect differences in disease stage in human pathology or
species-related factors. Specifically, the mRNA levels of Mctpl, with a
fold change of 1.58 & 0.1 (P = 1.4E-05), and Drd1, with a fold change of
2.29 + 0.1 (P = 0.0003), were significantly upregulated, whereas those
of Penk, with a fold change of 0.48 + 0.02 (P = 0.004), Mt2A with a fold
change of 0.37 £ 0.03 (P = 0.0009), and Rasgrp2 with a fold change of
0.57 + 0.03 (P = 1.5E-05), were markedly downregulated.

To assess the ALS-specificity of these transcriptional changes, the
expression of the same five dsDEGs was evaluated by RT-qPCR in PBMCs
from a small cohort of PD patients (n = 5) and age-matched controls (n
= 5) (Supplementary Fig. S4, Supplementary Table S1). None of the five

genes exhibited a comparable pattern of dysregulation in this cohort,
indicating that the identified gene set is likely specific to ALS rather than
representing general markers of neurodegeneration.

3.5. Exposure to FL TDP-43 modulated the expression of the dsDEGs in
human neuroblastoma cells and PBMCs from healthy donors

To confirm the causal role of FL. TDP-43 in modulating dsDEG
expression, cultured human neuroblastoma SH-SY5Y cells and PBMCs
from healthy donors were treated with FL. TDP-43. The results demon-
strated that TDP-43 significantly altered the expression of these genes,
with partially consistent trends observed across both cell types. Specif-
ically, Mctpl and Drd1 were upregulated, whereas Penk and Mt2A were
downregulated in both cell types compared to vehicle-treated controls
(Fig. 4B-C). Rasgrp2 was downregulated in TDP-43-treated PBMCs but
showed no significant change in neuroblastoma cells. These findings
indicate a context-dependent effect of TDP-43 on the transcriptional
regulation of selected target genes. Notably, the observed dsDEG regu-
lation in TDP-43-treated PBMCs closely mirrored the patterns seen in
PBMCs from ALS patients, supporting the conclusion that these changes
are specifically driven by extracellular TDP-43.

3.6. Identification of miRNAs targeting dsDEGs

miRNAs and alternative splicing are significantly involved in ALS
pathophysiology (Alkhazaali-Ali et al., 2024; Friedman et al., 2009;
Freischmidt et al., 2015). Here, computational analysis identified seven
conserved miRNAs in both rats and humans that target the identified
DEGs. Specifically, hsa-miR-107 (corresponding in rats to rno-miR-107-
3p), hsa-miR-15b-5p (rno-miR-15b-5p), hsa-miR-16-5p (rno-miR-16-
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Fig. 3. Maintenance of 5 dsDEGs pattern across the rat nervous tissues and
PBMCs. mRNA expression analysis of Mctpl, Penk, Mt2A, Drd1l and Rasgrp2
genes in the motor cortex (TDP-43 n = 4; vehicle n = 5) (A), cervical spinal cord
(TDP-43 n = 5 vehicle n = 5) (B) and PBMCs (TDP-43 n = 4; vehicle n = 4) (C)
of TDP-43 and vehicle injected rats. Blue and yellow indicate significantly
downregulated and upregulated genes, respectively, compared to vehicle-
treated samples. Statistical significance was determined using a t-test, with
significance levels indicated as follows: *p < 0.05, **p < 0.01 and ***p <
0.001. All reactions were performed in triplicate and relative gene expression
was calculated using the 27 AACq method. Data are shown as mean =+ standard
deviation (SD); error bars indicate SD. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of
this article.)
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5p), hsa-miR-103a-3p (rno-miR-103-3p), and hsa-miR-195-5p (rno-miR-
195-5p) target both Penk and Drd1, while hsa-miR-328-3p (rno-miR-
328-3p) targets both Drd1 and Rasgrp2, and hsa-let-7c-3p (rno-let-7c-
1-3p) regulates both Mt2A and Rasgrp2 (Fig. 5A). Instead, the alterna-
tive splicing analysis of the rat dsDEGs revealed no significant
dysregulation.

RT-qPCR comparative analysis between PBMCs from ALS and HCs
revealed a significant downregulation of four out of the seven selected
miRNAs in ALS (p < 0.05). Specifically, miR-15b-5p (fold change 0.45
+ 0.04, P = 0.0004), miR-16-5p (fold change 0.34 + 0.02, P = 4.7E-05),
miR-103a-3p (fold change 0.38 + 0.02, P = 1.4E-05) and miR-195-5p
(fold change 0.31 + 0.03, P = 3.1E-06), showed significant reduced
expression levels (Fig. 5B).

3.7. Diagnostic performance in ALS of dsDEGs and related miRNAs from
PBMCs

The diagnostic performance of dsDEGs and their associated miRNAs
identified in PBMCs was evaluated using receiver operating character-
istic (ROC) curve analysis, with the area under the curve (AUC)
providing a comprehensive measure of each biomarker's ability to
discriminate between ALS patients and healthy controls (HCs) across all
classification thresholds. Among the dsDEGs, Penk showed good
discrimination (AUC = 0.87; cutoff < 1.370 x 10’4; sensitivity = 90%,
specificity = 80%), while Drd1, Rasgrp2 and Mt2A displayed excellent
accuracy (AUCs = 0.94-0.98) (Fig. 6 A-E). Specifically, Drd1 (cutoff >
1.705 x 10~*) reached 100% sensitivity and 90% specificity; Rasgrp2
(cutoff < 5.389 x 1072) showed 100% sensitivity and 90% specificity;
and Mt2A (cutoff < 2.970 x 10’3) achieved 100% sensitivity and 80%
specificity. Notably, Mctpl (cutoff > 1.053 x 10~1) reached perfect
discrimination, with both sensitivity and specificity of 100%.

Similarly, miRNAs exhibited very high discriminative performance
(Fig. 7 A-D). miR-15b-5p (cutoff < 3.286 x 101) reached an AUC of 1.00
with 100% sensitivity and specificity, while miR-16-5p (cutoff < 1.810
x 10%), miR-103a-3p (cutoff < 1.407 x 10%) and miR-195-5p (cutoff <
2.191 x 102) all showed excellent accuracy (AUCs > 0.95), with sen-
sitivities of 100% and specificities of 80%, 90% and 90%, respectively.
Collectively, these results demonstrate the exceptional discriminative
capacity and high diagnostic accuracy of dsDEGs and their associated
miRNAs in PBMCs, highlighting their strong potential as robust, non-
invasive biomarkers for ALS diagnosis.

4. Discussion

A major challenge in ALS research is the identification of biomarkers
that are both disease-specific and capable of detecting the condition at
an early stage. Numerous molecular candidates measurable in biofluids,
as well as in skin or muscle biopsies, have been proposed. While many of
these markers show prognostic value, they often lack sufficient speci-
ficity and sensitivity for early diagnosis. These include indicators of
blood-brain barrier disruption (e.g., metalloproteinases), axonal
degeneration (e.g., neurofilament chains and Tau protein), TDP-43 pa-
thology, and markers of inflammation or oxidative stress (Belbasis,
2025; Riva et al., 2022; Rossi et al., 2018; Staats et al., 2022; Sturmey
and Malaspina, 2022). Although high-throughput gene expression
profiling of peripheral blood has significantly expanded the repertoire of
candidate circulating biomarkers, the complex and multisystem nature
of ALS continues to hinder the identification of disease-specific molec-
ular signatures (Dragoni et al., 2025; Liguori et al., 2018).

4.1. From brain to blood: peripheral detection of TDP-43-induced DEGs
in the TDP-43 rat model

In this study, we developed a translational strategy to identify
transcriptional changes in PBMCs from ALS patients that are specifically
linked to TDP-43 toxicity and therefore reflect the underlying
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neuropathology. This approach builds on a recent preclinical model in
which a single intracerebral infusion of FL human TDP-43 into the rat
primary motor cortex induced an ALS-like proteinopathy (Marongiu
et al., 2026, bioRxiv, 2026.03.27.714692, doi:https://doi.org/10.6489
8/2026.03.27.714692). Four months post-infusion, intraneuronal
pTDP-43 inclusions were found in the motor cortex and in the cervical
spinal cord, along with mitochondrial alterations and region-specific
neurodegeneration. In addition, impaired mitochondrial bioenergetics
were detected in the gastrocnemius muscle, together with motor and
non-motor behavioral deficits (Marongiu et al, 2026, bioRxiv,
2026.03.27.714692, doi:https://doi.org/10.64898/2026.03.27.71469
2).

Using this rat model and applying stringent selection criteria (top
10% most variable genes, FDR < 0.05), we identified five differentially
expressed genes (DEGs) in cortical tissue. Importantly, these DEGs were
consistently detected across the motor cortex, spinal cord, and periph-
eral PBMCs. This result aligns with the pathological findings described
in the model and indicate that TDP-43 pathology triggers a coordinated
transcriptional response across central and peripheral compartments.

This cross-tissue overlap supports the existence of a disease-relevant
molecular program and provides a strong proof-of-concept for the clin-
ical translatability of our findings.

The identification of TDP-43-induced DEGs is consistent with the
established role of TDP-43 pathology in ALS. TDP-43-positive inclusions
are observed in the majority of ALS cases, both sporadic and familial,
highlighting its central role as a shared pathological hallmark
(Mackenzie et al., 2007). Cytoplasmic pTDP-43 aggregates have been
detected in cortical and hippocampal neurons, as well as in motor
neurons (Neumann et al., 2006; Riva et al., 2022). Moreover, preclinical
models, including transgenic mice and viral vector-based rat models,
have demonstrated that TDP-43 mislocalization and aggregation can
recapitulate key features of ALS pathology, including neuro-
degeneration along the cortico-motoneuronal axis (Dance, 2010; Wang
et al., 2011; Reale et al., 2023). Collectively, this evidence supports
the relevance of TDP-43-driven transcriptional changes as candidate
biomarkers of ALS neuropathology.
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4.2. Validation of dsDEGs in ALS patient-derived PBMCs

Applying our translational approach, we detected the same dsDEGs
identified in the preclinical model in PBMCs from ALS patients, but not
in healthy controls. Previous studies have reported pathological alter-
ations in PBMCs from ALS patients, including TDP-43 cytoplasmic
mislocalization and protein expression changes, supporting their po-
tential diagnostic relevance (De Marco et al., 2017; Filareti et al., 2017;
Mosallaei et al., 2022; Nardo et al., 2011; Yu et al., 2025). Here, we
extend these observations by identifying a distinct PBMC gene expres-
sion signature (dsDEGs) that mirrors TDP-43-driven toxicity in the
nervous system.

Notably, the direct involvement of TDP-43 in regulating these genes
was further supported by in vitro experiments, where exposure of
healthy PBMCs to exogenous FL TDP-43 reproduced the same expression
patterns observed in ALS-derived PBMCs. Importantly, these gene
expression changes were not observed in PBMCs from patients with PD,
supporting their disease specificity.

While the 5 dsDEGs identified in the preclinical model were all
dysregulated in ALS PBMCs, three of them, namely Mctpl, Mt2A and
Drd1 also displayed the same direction across animal and human tissues,
suggesting that they more closely reflect the nervous system pathology.
These dsDEGs have been only marginally explored in ALS. However,
their known biological functions suggest their relevance to disease
mechanisms and strongly suggest that their altered expression in PBMCs
reflects the nervous system pathology.

Mctpl is involved in AKT signaling, a pathway previously reported to
be dysregulated in ALS (Laine et al., 2002). Our finding of Mctpl
overexpression in ALS PBMCs aligns with AKT hyperphosphorylation
described in the ALS spinal cord (Hu et al., 2003) and may play a role in
the pathological phosphorylation and aggregation of TDP-43. Of note,
this gene was consistently upregulated in the nervous tissue of our an-
imal model displaying phosphorylated TDP-43 aggregates, supporting
its pathological role. Therefore, increased Mctpl expression in ALS
PBMC may be interpreted as a biomarker on nervous system pathology.

Mt2A was consistently downregulated across tissues in our study, in
line with previous studies reporting decreased levels in the spinal cord of
ALS patients (Hozumi et al., 2008). Mt2A has been associated with

neuroprotection, and its deficiency has been shown to exacerbate dis-
ease progression in ALS models (Puttaparthi et al., 2002). More recently,
metalloprotein 3 (Mt3) expression was also found significantly
decreased in the spinal cord of ALS patients (Gunn et al., 2026) As part of
brain barriers, Mt. levels are generally dysregulated early in patholog-
ical brain states (Jakovac et al., 2013). Therefore, our results align with
a pathological outcome of Mt2A downregulation and support the
decreased expression in PBMCs as a biomarker of the nervous system
pathology.

Drd1, encoding the dopamine D1 receptor, is particularly interesting
given the role of dopamine in modulating immune responses and
oxidative stress in peripheral lymphocytes (Matt et al., 2020). Of note,
spinal cord astrocytes are highly sensitive to local dopamine and
noradrenaline alterations (Montalant et al., 2024) providing a mecha-
nistic ground for the pathological involvement of D1R alterations in ALS
pathogenesis (Wu et al., 2020).

4.3. MicroRNAs targeting dsDEGs

We further identified 7 miRNAs targeting the identified dsDEGs, four
of which — miR-15b-5p, miR-16-5p, miR-103a-3p, miR-195-5p - were
significantly downregulated in PBMCs from ALS patients. Consistent
with our findings, similar miRNA alterations have been reported in
sporadic ALS (Liguori et al., 2018), and Drd1 has been validated as a
target of miR-15b-5p and miR-16-5p (Wu et al., 2020). miRNAs are
particularly attractive biomarkers in neurodegenerative diseases due to
their role in post-transcriptional gene regulation and their stability in
biofluids. Importantly, TDP-43 itself is a key regulator of RNA meta-
bolism, including miRNA biogenesis and splicing (Buratti et al., 2010).
Dysregulation of miRNAs has been widely reported in ALS across mul-
tiple tissues and biofluids, including CSF, serum, spinal cord and blood
leukocytes, often correlating with disease progression. This supports
their dual role as both mechanistic contributors to disease and potential
early diagnostic markers (Freischmidt et al., 2015; Liguori et al., 2018).

4.4. Diagnostic potential of dsDEGs and related miRNAs

ROC curve analyses based on RT-qPCR data demonstrated a strong
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Fig. 6. Diagnostic performance in ALS of dsDEGs and related miRNAs from PBMCs. ROC curves for the dsDEGs (A) Drd1, (B) Penk, (C) Mctpl, (D) Rasgrp2, and (E)
Mt2A quantified in PBMCs by RT-qPCR. For each biomarker, the ROC curve shows sensitivity (true positive rate (TPR), expressed as a percentage) plotted against
1-specificity (false positive rate (FPR), expressed as a percentage) across all possible cutoff values. The red marker on each curve indicates the optimal cutoff
identified using Youden's Index. The tables below report, for each dsDEG, the AUC, standard error, 95% CI, p-values, optimal cutoff, sensitivity (%), specificity (%),
likelihood ratios, and Youden's index. Abbreviations: AUC, area under the curve; CI, confidence interval; dsDEGs, disease-specific differentially expressed genes. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

discriminative ability of both dsDEGs and their associated miRNAs in were not detected in PBMCs from a small cohort of PD patients. If
PBMCs, with all biomarkers showing AUC values above 0.8. Notably, validated in a larger cohort of PD and other neurodegenerative disor-
Mctpl and miR-15b-5p achieved perfect discrimination (AUC = 1.00), ders, these PBMC-based results would further strengthen the evidence
supported by optimal cutoff values and a Youden index of 1. dsDEGs for the disease specificity of the identified biomarkers.
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Fig. 7. Diagnostic performance of miRNAs in PBMCs from ALS patients. ROC curves for the miRNAs (A) miR-15b-5p, (B) miR-16-5p, (C) miR-103a-3p, and (D) miR-
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likelihood ratios, and Youden's index. Abbreviations: AUC, area under the curve; CI, confidence interval. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

Despite the limited cohort size (10 ALS patients and 10 controls) of particularly relevant given the well-known diagnostic delay in ALS,
this pilot study, the identified biomarkers were consistently detectable which often results in significant disease progression before clinical
across both sexes and at relatively early disease stages (ALSFRS-R: diagnosis.

28-46; King's stage: 1-4a at the time of PBMCs collection). This is None of the patients in this cohort carried SOD1 mutations, in line
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with the limited frequency of this mutation, particularly in sardinian
ALS patients and according to the pilot nature of our study. Therefore,
the applicability of these findings to specific genetic subtypes such as
SOD1 mutations remains to be established. Future studies in larger, sex-
balanced cohorts, including individuals from external validation cohorts
with diverse genetic backgrounds and geographical origin, will be
essential to validate these findings and assess the biomarker perfor-
mance in a more heterogeneous ALS population.

5. Conclusion

Using a translational approach, we identified a novel ALS-specific
dsDEG/miRNA signature driven by CNS TDP-43 pathology, which
propagates from affected neural tissues to peripheral PBMCs. In a pilot
cohort of ALS patients, this signature exhibited strong discriminative
power and high sensitivity, supporting its potential as a robust diag-
nostic biomarker for ALS. Overall, the present work, by addressing the
unmet need in ALS of minimally invasive, disease-specific diagnostic
biomarkers is highly significant and provides a substantial level of
advancement as a pilot translational study. By linking central TDP-43
pathology with a detectable PBMC gene-miRNA signature, our work
provides a blood-based biomarker with potential international rele-
vance and global perspective for a worldwide disease such as ALS.
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Glossary

ALS: Amyotrophic lateral sclerosis

ALSFRS: ALS Functional Rating Scale-Revised
DEGs: Differentially expressed genes;

PBMCs: Peripheral blood mononuclear cells
TDP-43: TAR DNA-binding protein 43
RT-qPCR: Reverse Transcription Quantitative PCR
PD: Parkinson's Disease

miRNAs: MicroRNAs

AUC: Area under the curve

ROC: Receiver operating characteristic

SALS: Sporadic ALS

fALS: Familial ALS

TARDBP: TAR DNA-binding protein

SOD1: Superoxide dismutase 1

C9orf72: Chromosome 9 open reading frame 72
FUS: Fused in sarcoma

pTDP-43: Phosphorylated TDP-43

CNS: Central nervous system

dsDEGs: Disease-specific DEGs

HCs: Healthy control cases

SEC: Size exclusion chromatography

PCA: Principal component analysis

AS: Alternative splicing

rMATS: Replicate Multivariate Analysis of Transcript Splicing
SD: Standard deviation

CI: Confidence interval

FTLD: Frontotemporal lobar dementia
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