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Abstract
Friedreich ataxia (FRDA) is a life-threatening hereditary ataxia; its incidence is 1:50,000 individuals in the Caucasian 
population. A unique therapeutic drug for FRDA, the antioxidant Omaveloxolone, has been recently approved by 
the US Food and Drug Administration (FDA). FRDA is a multi-systemic neurodegenerative disease; in addition to 
a progressive neurodegeneration, FRDA is characterized by hypertrophic cardiomyopathy, diabetes mellitus and 
musculoskeletal deformities. Cardiomyopathy is the predominant cause of premature death. The onset of FRDA 
typically occurs between the ages of 5 and 15. Given the complexity and heterogeneity of clinical features and the 
variability of their onset, the identification of biomarkers capable of assessing disease progression and monitoring 
the efficacy of treatments is essential to facilitate decision making in clinical practice. We conducted an RNA-seq 
analysis in peripheral blood mononuclear cells from FRDA patients and healthy donors, identifying a signature 
of small non-coding RNAs (sncRNAs) capable of distinguishing healthy individuals from the majority of FRDA 
patients. Among the differentially expressed sncRNAs, microRNAs are a class of small non-coding endogenous 
RNAs that regulate posttranscriptional silencing of target genes. In FRDA plasma samples, hsa-miR-148a-3p 
resulted significantly upregulated. The analysis of the Receiver Operating Characteristic (ROC) curve, combining the 
circulating expression levels of hsa-miR-148a-3p and hsa-miR-223-3p (previously identified by our group), revealed 
an Area Under the Curve (AUC) of 0.86 (95%, Confidence Interval 0.77–0.95; p-value < 0.0001). An in silico prediction 
analysis indicated that the IL6ST gene, an interesting marker of neuroinflammation in FRDA, is a common target 
gene of both miRNAs. Our findings support the evaluation of combined expression levels of different circulating 
miRNAs as potent epi-biomarkers in FRDA. Moreover, we found hsa-miR-148a-3p significantly over-expressed in 
Intermediate and Late-Onset Friedreich Ataxia patients’ group (IOG and LOG, respectively) compared to healthy 
individuals, indicating it as a putative prognostic biomarker in this pathology.
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Introduction
Friedreich Ataxia (FRDA) (OMIM 229300) is a rare and 
progressive genetic disease that affects the nervous sys-
tem. In the vast majority of cases, this inherited disease 
is caused by a homozygous expansion of a trinucleo-
tide GAA repeat sequence within the first intron of the 
FXN gene, which encodes a protein called frataxin. This 
mutation severely affects gene transcription, causing 
a deficiency of the frataxin protein [1]. Frataxin plays a 
crucial role in regulating iron metabolism within cells 
and in energy production. Its deficiency results in a toxic 
buildup of iron in nerve cells, particularly the dorsal root 
ganglia and cerebellum, leading to progressive dam-
age to the central and peripheral nervous systems [2, 3]. 
Frataxin levels are crucial not only for cell survival, but 
also for stress-management responses [4–6].

FRDA affects 1:50,000 individuals, making it the most 
prevalent hereditary ataxia in the Caucasian popula-
tion [7]. The primary manifestation of FRDA is neuro-
logical, with symptoms that include progressive loss of 
coordination and balance, muscle weakness, and sen-
sory impairment. Individuals with this condition often 
experience difficulty walking due to gait abnormalities, 
impaired speech, and coordination problems that worsen 
over time [8]. Although the rate of progression can vary 
between individuals, most people with FRDA eventually 
require mobility aids, such as wheelchairs. In addition 
to neurological symptoms, FRDA can also affect various 
other organs and systems in the body. Cardiac abnor-
malities, such as hypertrophic cardiomyopathy, are one 
of the major complications associated with this condi-
tion and are the predominant cause of premature death 
[9]. Some individuals may also develop diabetes mellitus 
due to degeneration of pancreatic beta cells that produce 
insulin [10].

The onset of FRDA typically occurs in childhood 
or adolescence, usually between the ages of 5 and 15, 
although it can also manifest in adulthood [11]. Patients 
who develop clinical signs after the ages of 25 and 40 
are defined as Late-Onset (LOFA) and Very Late-Onset 
(VLOFA) patients respectively. Since the disease tends 
to progress gradually over the years, symptoms worsen 
with time, a milder phenotype, slower progression of the 
disease and more variable signs and symptoms charac-
terize LOFA and VLOFA patients [12, 13]. Usually, age 
at onset and disease severity correlate with the length of 
the GAA expansion, with longer expansions associated 
with earlier manifestation of symptoms and a more rapid 
progression.

Currently, limited therapeutic options are available 
to patients. The FDA has approved the Nrf2 activa-
tor Omaveloxolone in 2023, as the first treatment for 
FRDA [14, 15]. In addition, several different therapeutic 
approaches have been explored to manage symptoms and 

potentially slow the progression of the disease [16–18]. 
Although these therapeutic opportunities show prom-
ise, the path to final approval can be difficult [19, 20]. 
Numerous clinical studies are currently underway, but 
there are challenges to consider when developing a trial 
for a rare disease such as Friedreich ataxia. Difficulties 
include limited patient population, disease heterogeneity, 
and limited natural history data, which make it difficult 
to establish critical endpoints and identify reliable out-
come measures [21].

In recent years, epigenetic mechanisms have emerged 
as important players in the development of complex 
pathological phenotypes [22, 23]. Among the best-stud-
ied epigenetic mechanisms, microRNAs (miRNAs)  are 
a group of small non-coding RNA molecules (∼ 22 
nucleotides in length) that regulate gene expression at 
post-transcriptional level by binding specific mRNA 
targets. Many studies have demonstrated that miRNAs 
are critically involved in important biological processes 
in healthy and diseased conditions, including cancer, 
Alzheimer’s disease, cardiovascular diseases, viral infec-
tions and diabetes [24–29]. Dysregulated expression of 
specific miRNAs can contribute to disease progression by 
affecting critical signaling pathways and gene networks. 
In the context of neurodegenerative diseases, miRNAs 
have often been found to be dysregulated in affected 
brain regions in Alzheimer disease, Parkinson disease 
[30, 31] and amyotrophic lateral sclerosis patients [30]. 
These dysregulated miRNAs can influence the expression 
of genes involved in neuronal survival, oxidative stress, 
inflammation, protein aggregation, and other pathologi-
cal processes associated with neurodegenerative condi-
tions [31].

Currently, the possible impact of FRDA-related epi-
genetic alterations, including miRNA-based regulatory 
mechanisms, is being extensively investigated. A study 
described the presence of a single nucleotide polymor-
phism (SNP) that creates a binding site for hsa-mir-
124-3p in the 3’UTR of the FXN gene, further reducing 
frataxin expression in patients [32]. Hsa-miR-886-3p was 
found to be elevated in FRDA patients and to negatively 
regulate frataxin transcription [33]. A SNP that alters the 
miR-155 binding site in the angiotensin II type 1 recep-
tor gene (AGTR1) and that potentially contributes to car-
diac manifestations of the disease, has been identified in 
FRDA patients [34].

In addition, the presence of miRNAs in circulating 
blood has raised the possibility that they could be putative 
genomic biomarkers for various diseases. The potential 
role of circulating miRNA as biomarkers in monitoring 
disease progression and therapeutic intervention out-
come in FRDA is also being explored. Previous studies 
show that FRDA patients have an altered miRNA expres-
sion pattern [35–37]. In this context, hsa-miR-323a-3p 
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was found to be significantly elevated in plasma samples 
from FRDA patients with cardiac complications and 
was therefore proposed as a biomarker for the diagno-
sis of cardiomyopathy in FRDA [38]. Our group identi-
fied hsa-miR-223-3p, upregulated in plasma from FRDA 
patients, as another potential biomarker of cardiac dis-
ease in FRDA [35]. In fact, we found a significant posi-
tive correlation between hsa-miR-223-3p expression level 
and cardiac parameters (IVS, interventricular septal wall 
thickness, and LPW, left ventricular posterior wall thick-
ness) in typical FRDA patients (onset < 25 years) [35]. 
These data suggested that an increase in circulating hsa-
miR-223-3p expression might be associated with a more 
severe cardiac FRDA phenotype and propose that hsa-
miR-223-3p could be studied as a biomarker of cardiac 
disease progression in FRDA [35].

Identifying a miRNA profile that occurs during the 
natural history of FRDA disease could be of relevance 
as miRNA levels change with disease progression and/
or pharmacological interventions. Moreover, the identi-
fication of new miRNAs could contribute to the design 
of novel therapeutic strategies and improve clinical 
decisions.

The aim of this study was to find a miRNA signature 
associated with the progression of the disease. Thus, we 
first conducted an RNA sequencing study by NGS (Next 
Generation Sequencing)  in peripheral blood mononu-
clear cells (PBMCs) of a selected group of FRDA patients 
(n = 12; grouped based on the onset of clinical signs and 
severity) and a group of healthy donors of the same age 
and sex (CTRL; n = 4). Our RNA-seq study evaluated the 
expression level of circulating small non-coding RNAs 
(sncRNA), i.e. not only miRNAs, but also snoRNAs, 
snRNAs and piRNAs. Second, we analysed differentially 

expressed (DE) sncRNAs identified by RNA-seq in all 
enrolled samples (n = 61).

Hsa-miR-148a-3p resulted significantly upregulated in 
plasma samples from FRDA patients (p < 0.05); of inter-
est, its expression level was increased in intermediate and 
late onset patients (p < 0.05). An in silico prediction anal-
ysis of both hsa-miR-223-3p and hsa-miR-148a-3p, indi-
cated the IL6ST (Interleukin 6 Cytokine Family Signal 
Transducer) gene, a previously identified marker of neu-
roinflammation in FRDA [39], as a common target gene.

Results
Study population
For this expression study, we enrolled 61 subjects, 23 
healthy controls and 38 FRDA patients. The clinical data 
of the 61 subjects studied are summarized and reported 
in our previous studies [35, 40].

RNA-sequencing
We aimed to identify new circulating miRNAs in the 
progression of FRDA disease. Consequently, we first per-
formed a miRNA-seq analysis on PBMCs isolated from 
12 out of 38 FRDA patients and 4 out of 23 age-matched 
healthy controls (Table  1). The 12 FRDA patients were 
chosen among those with an early onset of neurologi-
cal symptoms (< 14 years) and a worse course of the dis-
ease (named early-onset group, EOG, n = 4); those with 
an intermediate onset of neurological symptoms (14–25 
years) and a slight disease course (intermediate-onset 
group, IOG, n = 4) and those with a late onset of neuro-
logical symptoms (> 25 years) and a slow disease course 
(late-onset group, LOG, n = 4) (Table 1).

The mean age of CTRL (n = 4) was 35 ± 9 years while the 
mean age of all FRDA patients (n = 12) was 38 ± 10 years. 

Table 1  Principal data of the 12 FRDA patients (PAT) and 4 healthy subjects (CTRL) analyzed by RNA-seq
FRDA Patients Age

at onset
Gender Age at blood collection

EOG PAT 1 10 M 33
PAT 2 14 M 26
PAT 3 12 M 38
PAT 4 7 F 37

IOG PAT 5 15 F 28
PAT 6 20 M 33
PAT 7 20 F 46
PAT 8 16 M 28

LOG PAT 9 24 F 49
PAT 10 35 F 52
PAT 11 40 F 53
PAT 12 31 F 43

CTRL CTRL1 - F 47
CTRL2 - M 28
CTRL3 - M 29
CTRL4 - F 39
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The RNA-seq was performed in collaboration with Biodi-
versa S.r.l. (http://www.biodiversa.it). Based on the aver-
age expression of the small non coding RNAs (sncRNAs) 
across all samples, the top 5% expressed sncRNAs were 
identified. The list of sncRNAs, their expression across 
the samples as well as the average, the rank and percent-
age of top expressed genes are reported in the Supple-
mentary Table 1 (Table S1).

A hierarchical clustering algorithm (HCA) consis-
tently detected a significant differential expression of sev-
eral sncRNAs (p < 0.05) among the analyzed patients. A 
sncRNAs signature common to CTRL group is evident 
and able to distinguish this group from the majority of 
FRDA patients (Fig. 1).

A Principal Component Analysis (PCA) was performed 
to evaluate the clustering of our samples (Fig. 2).

Even if the replicates of each group showed variabil-
ity, we performed a standard analysis using all samples. 
All FRDA patients’ groups were pairwise compared with 
CTRL group; in addition, we compared each patients 
group, i.e. EOG vs IOG, EOG vs LOG, IOG vs LOG.

The EOG vs CTRL comparison produced 228 differen-
tially expressed sncRNAs (DE-sncRNAs), which are 151 
miRNAs, 33 snoRNAs, 16 snRNA and 28 piRNAs (Table 
S2). Supplementary Figure S1 shows a heat map with the 
profile of these differentially expressed sncRNAs.

The IOG vs CTRL comparison evidenced 69 differen-
tially expressed sncRNAs which are 51 miRNAs, 3 snoR-
NAs, 7 snRNAs and 8 piRNAs (Table S3). The heatmap 
with the profile of these DE-sncRNAs is depicted in Sup-
plementary Fig. 2 (Figure S2).

The LOG vs CTRL comparison revealed 76 differen-
tially expressed sncRNAs, specifically 59 miRNAs, 6 
snoRNAs, 2 snRNAs and 9 piRNAs (Table S4). Supple-
mentary Figure S3 indicates a heatmap with the profile of 
these DE-sncRNAs (Figure S3).

The comparisons among the different FRDA patients’ 
group resulted in 8 DE-sncRNAs in EOG vs IOG and 3 
DE-sncRNAs in EOG vs LOG (Table S5). However, all 
these DE-sncRNAs were piRNAs; none differentially 
expressed miRNA was identified among the different 
FRDA patients’ group. Furthermore, the IOG vs LOG 

Fig. 1  Heatmap illustrating the expression profiles (scaled TMM) of the top 5% expressed sncRNAs detected in the 16 samples sequenced. The bar on 
the left visualizes the expression level of the top 5% expressed sncRNAs; in orange-red the upregulated sncRNAs, in blue the downregulated ones. Each 
group is labeled with a distinct color (i.e. CTRL group = red)
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comparison did not produce statistically significant 
results.

To identify miRNAs potentially involved in Friedreich 
ataxia pathogenesis, we focused our attention on DE-
miRNAs in comparisons between FRDA patients and 
CTRL. We selected four DE-miRNAs: hsa-miR-143-3p 
and hsa-miR-199b-5p that are upregulated in all FRDA 
patients’ groups compared to healthy subjects (CTRL); 
hsa-miR-93-5p that is upregulated in the comparisons 
EOG vs CTRL and LOG vs CTRL and hsa-miR-148a-3p 

which is the only miRNAs over-expressed in the compar-
ison EOG vs CTRL and IOG vs CTRL (Table 2).

Interestingly, among the DE-miRNAs common to all 
FRDA patients’ groups we confirmed the upregulation of 
hsa-miR-223-3p (in italics in Table 2) that we have previ-
ously identified as overexpressed in plasma from FRDA 
patients and significantly correlated with cardiac param-
eters (IVS and LPW) in FRDA patients [35].

Fig. 2  Principal Component Analysis (PCA) conducted on the normalized RNA expression values of all samples. X- and Y-axes show the PC1 and PC2, 
respectively, with the amount of variance explained by each component that is reported. Each point in the plot represents a sample, dots of the same 
colors are replicates of the same group (i.e.green dots = EOG patients’ group)
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Hsa-miR-148-3p is upregulated in FRDA plasma
Since circulating plasma miRNAs can be easily acces-
sible through non-invasive procedures, they represent 
invaluable biomarkers for disease diagnosis, prognosis, 
and therapy monitoring. We evaluated the four DE-miR-
NAs identified from RNA-seq (hsa-miR-143-3p, hsa-
miR-199b-5p, hsa-miR-93-5p and hsa-miR-148a-3p) on 
RNA extracted from plasma samples of all case study (38 
FRDA patients and 23 CTRL subjects).

Among the miRNAs analyzed, hsa-miR-148a-3p 
resulted the only significantly dysregulated miRNA in 
plasma samples of all FRDA patients (p < 0.05; Fig.  3A). 
Interestingly, we observed a significant increase in 

IOG + LOG patients’ group when this group was com-
pared to the control group (CTRL) using the non-para-
metric test Mann-Whitney, which compares only two 
different experimental groups (p < 0.05) (Fig. 3B).

ROC curve and correlation analysis of hsa-miR-148a-3p
The ROC curve analysis is a statistical method used also 
to assess the diagnostic ability of a test or marker to dis-
criminate between subjects who present a given disease 
and those who do not. We performed a ROC curve anal-
ysis to investigate the potential capacity of miR-148a-3p 
to distinguish FRDA patients from control subjects. A 
ROC curve of hsa-miR-148a-3p, obtained when plotting 

Table 2  List of the most significant DE-miRNAs in the comparison of FRDA patients vs CTRL
MiRBase ID logFC logCPM LR PValue FDR

EOG hsa-miR-143-3p 4.24 9.08 79.32 5.28E-19 1.22E-15
hsa-miR-223-3p 4.22 12.04 79.13 5.82E-19 1.22E-15
hsa-miR-199b-5p 3.24 7.58 56.51 5.58E-14 2.93E-11
hsa-miR-93-5p 2.00 9.20 28.35 1.01E-07 2.12E-05
hsa-miR-148a-3p 1.63 11.67 16.26 5.51E-05 0.0047
hsa-miR-16-5p 1.57 8.97 18.72 1.51E-05 0.0017
hsa-miR-342-5p -1.50 4.45 15.85 6.84E-05 0.005

IOG hsa-miR-143-3p 3.53 9.08 58.67 1.87E-14 1.18E-10
hsa-miR-223-3p 3.01 12.04 45.00 1.97E-11 2.48E-08
hsa-miR-199b-5p 2.24 7.58 29.46 5.69E-08 2.99E-05
hsa-miR-148a-3p 1.60 11.67 15.65 7.61E-05 0.01

LOG hsa-miR-223-3p 3.45 12.04 56.80 4.83E-14 3.04E-10
hsa-miR-143-3p 3.34 9.08 53.49 2.60E-13 8.20E-10
hsa-miR-199b-5p 2.59 7.58 38.15 6.53E-10 4.11E-07
hsa-miR-93-5p 1.29 9.20 12.25 0.00046 0.042
hsa-miR-16-5p 1.24 8.97 11.83 0.00058 0.048
hsa-miR-342-5p -1.42 4.45 14.29 0.00016 0.018

Fig. 3  Hsa-miR-148a-3p expression level in plasma of all cases studied. (A) Comparison of control subjects (CTRL) and all FRDA patients (PAT). Mann-
Whitney test. *p < 0.05. (B) Hsa-miR-148a-3p expression level in plasma of intermediate and late onset group (IOG + LOG) patients vs control subjects 
(CTRL). Mann-Whitney test. *p < 0.05
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control subjects against FRDA patients, indicates a mod-
erate power for discrimination of FRDA patients from 
CTRL subjects (AUC = 0.66, 95% confidence interval 
0.51–0.81, p < 0.05) (Fig. 4).

No correlation was found among the expression level of 
hsa-miR-148a-3p and the available clinical data of FRDA 
patients. Moreover, no correlation was found between 
hsa-miR-148a-3p levels and the age of FRDA patients at 
sample collection. In addition, we analyzed by Pearson 
correlation test, the relationship between the expression 
profile of hsa-miR-148a-3p and the expression levels of 
the other circulating DE-miRNAs but no significant cor-
relation was found (data not shown).

Combined ROC curve analysis of miR-223-3p and miR-
148a-3p
We tested a predictive model combining the circulat-
ing expression levels of hsa-miR-148a-3p and hsa-miR-
223-3p, previously identified as over-expressed in the 
same FRDA group [35, Fig.  4], to evaluate the capacity 
of these two upregulated miRNAs to discriminate FRDA 
patients from healthy subjects. Analysis of the combined 
ROC curve revealed that the area under the ROC curve 
(AUC) was 0.86 with a 95% confidence interval of 0.77 to 
0.95 (p-value < 0.0001) (Fig. 4).

In silico prediction analysis on putative target genes 
common to hsa-miR-223-3p and hsa-miR-148a-3p
Based on the high combined diagnostic value of hsa-
miR-223-3p and hsa-miR-148a-3p expression levels, we 
performed an in silico analysis to search for common 
target genes, i.e. putative genes regulated by both these 
miRNAs. We used the prediction software DIANA-mir-
Path [41]. DIANA-mirPath is a miRNA pathway analysis 
web-server, which can utilize predicted miRNA targets 
(in CDS or 3’-UTR regions) provided by the DIANA-
microT-CDS algorithm or even experimentally validated 
miRNA interactions derived from DIANA-TarBase.

Interestingly, IL6ST (Interleukin 6 Cytokine Family 
Signal Transducer) gene that encodes a signal transducer 
shared by many cytokines, including interleukin 6 (IL-
6), ciliary neurotrophic factor (CNTF), leukemia inhibi-
tory factor (LIF), and oncostatin M (OSM), resulted the 
unique putative target gene of both hsa-miR-223-3p and 
hsa-miR-148a-3p.

Discussion
Heterogeneity in FRDA clinical presentation, disease 
severity, tissue involvement, and type of FXN mutation 
render mandatory to select the best and most robust out-
come biomarker to track disease progression.

In this study, we performed an RNA-seq analysis by 
NGS to analyze the expression level of circulating small 

Fig. 4  ROC curve analysis of hsa-miR-148a-3p, hsa-miR223-3p and the combination of the two for the discrimination of FRDA patients
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non-coding RNAs (sncRNAs) in PBMCs from FRDA 
patients. A signature of sncRNA able to distinguish con-
trol (CTRL) group from the majority of FRDA patients 
was detected with a hierarchical clustering algorithm 
(HCA, Fig.  1). Interestingly, a large number of differen-
tially expressed sncRNAs (DE-sncRNAs) and of differen-
tially expressed miRNAs (DE-miRNAs) were detected in 
the EOG patients vs CTRL group comparison, indicating 
a more pronounced perturbation of sncRNAs profile in 
the more severe form of the disease.

Our study identified a significant upregulation of hsa-
miR-148a-3p in FRDA plasma samples (Fig.  3A). Note-
worthy, hsa-miR-148a-3p increase was also significant 
when the intermediate and late onset FRDA patient’s 
groups (IOG + LOG) were compared with the control 
group (Fig. 3B), suggesting a possible involvement of this 
miRNA in milder forms of the disease. In addition, analy-
sis of ROC curves combining the upregulated expres-
sion values of hsa-miR-148a-3p and hsa-miR-223-3p, 
previously identified by our group [35] and confirmed 
upregulated in this study, revealed an AUC of 0.86 with 
95% confidence interval of 0.77 to 0.95 (p-value < 0.0001) 
(Fig.  4). This AUC value indicates that the combined 
evaluation of hsa-miR-148a-3p and hsa-miR-223-3p has a 
strong diagnostic accuracy and, therefore, potential clini-
cal utility [42]. The combination of two or more putative 
biomarkers could help explain the complex pathogenic 
mechanisms of FRDA rather than a single biomarker that 
is unlikely to dictate the complicated evolutionary pro-
cess at the systemic level.

Our result is in agreement with a previous report 
describing hsa-miR-148a-3p upregulation in FRDA 
patients fibroblast cells [43]. Moreover, hsa-miR-148a-3p 
differential expression is linked to several diseases, such 
as tumors, cardiovascular diseases (CVD), neurological 
disorders. In several cancers, hsa-miR-148a-3p has been 
reported as a tumor inhibitor [44–47]. In CVD, hsa-miR-
148a-3p regulates lipid metabolism, is upregulated in 
atherosclerosis patients, promotes the proliferation and 
migration of endothelial cells and might play a protec-
tive role in atrial fibrillation (AF) [48–50]. Noteworthy, 
cardiac expression of miR-148a is altered in different 
subtypes of human and mouse forms of heart failure; 
high miR-148a expression is observed in human and 
mouse forms of concentric hypertrophy and decreased 
miR-148a expression is detected in forms of dilated car-
diomyopathy [51]. Hsa-miR-148a-3p is involved in neu-
rological disorders such as Alzheimer’s Disease (AD) 
and Parkinson’s disease. In AD, its upregulation reduces 
tau hyperphosphorylation and protects neuronal cells 
against Aβ-induced injury by targeting p35 and PTEN in 
brain [52]. In Parkinson’s disease miR-148a-3p is regu-
lated by lithium that exhibits significant neuroprotec-
tive effects [53]. Interestingly, the cellular localization of 

miR-148a-3p in vivo and in vitro was found in neurons 
and astrocytes and its downregulation inhibited apop-
tosis of hippocampal neurons after kainic acid (KA) 
induced through the PI3K/Akt signaling pathway [54].

A combination of our results and previous literature 
suggests that hsa-miR148a-3p may play a functional role 
in the FRDA clinical presentation and disease progres-
sion. This, of course, requires further experimental con-
firmation in a larger number of FRDA patients and in 
FRDA cells and animal models.

Among the DE-miRNAs identified in this RNA-seq 
study, we observed a trend for the increase of hsa-miR-
199b-5p in FRDA patient group, although not statistically 
significant (Figure S4A). Interestingly, hsa-miR-199b-5p 
upregulation was significant in the Late-Onset FRDA 
patients’ group (LOG) compared to control group using 
the Mann-Whitney test (p < 0.01; Figure S4B). Abnor-
mal expression of miR-199 may be involved in the 
pathophysiology of human epilepsy [55] and a role of 
hsa-miR-199b-5p in heart diseases has been suggested. 
The miR-199 family has been shown to participate in 
pathological cardiac hypertrophy [56, 58]. A cardiomyo-
cyte-specific miR-199-sponge transgenic mouse model 
developed physiological cardiac hypertrophy that uncov-
ers a surprising role for endogenous miR-199 in main-
taining cardiac homeostasis [56–58].

Our in silico prediction analysis of common target 
genes of both hsa-miR-148a-3p and hsa-miR-223-3p, i.e., 
significant upregulated miRNAs in FRDA, indicated that 
the IL6ST gene is a strong candidate. IL6ST encodes the 
glycoprotein gp130 that acts as the interleukin-6 (IL-6) 
signal transducing receptor subunit for the entire IL-6 
family of cytokines [59]. Cytokine receptor gp130, is a 
key component of the interleukin 6 receptor (IL-6R)/
IL6ST complex in the microglial membrane. Signaling of 
gp130 has essential homeostatic and protective roles, for 
example in inflammation, metabolism or neural develop-
ment [60–63]. Gp130 homodimerizes only if activated by 
IL-6/IL-6R complexes and initiates downstream Jak/Stat 
signaling, which is essential for innate immunity as well 
as neuronal functions [62]. Interestingly, frataxin-defi-
cient lymphoblasts from Friedreich’s patients overexpress 
IL-6 and other inflammatory transcripts, including TNF, 
and these inflammatory changes were rescued by frataxin 
transfection [64]. Moreover, increased plasma levels of 
IL-6 were found in FRDA patients showing neuroinflam-
mation in the cerebellum and brainstem [39]. A dysregu-
lated expression of IL6ST, mediated by hsa-miR-148a-3p 
and hsa-miR-223-3p, could affect the downstream 
molecular signaling pathway associated with IL6ST, that 
is, the effects of IL-6.

Our results might be further confirmed in other 
FRDA patient’s groups to definitely determine hsa-miR-
148a-3p and hsa-miR-223-3p as biomarkers of disease in 
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Friedreich ataxia and, in the future, putative therapeutic 
targets.

Conclusions
Our findings support the evaluation of combined expres-
sion levels of different circulating miRNAs as potent 
epi-biomarkers in FRDA. Furthermore, we identified 
hsa-miR-148a-3p as a miRNA particularly expressed in 
intermediate and late-onset patients, indicating it as a 
potential prognostic biomarker in this pathology. Finally, 
we in silico identified a putative target gene, IL6ST, of 
both miRNAs upregulated in FRDA patients, thus sug-
gesting a mechanistic role of these miRNAs in the inflam-
mation mechanism underlying FRDA pathogenesis.

Materials and methods
Patient’s recruitment and samples collection
We studied 61 individuals, including 38 FRDA patients 
and 23 control subjects (CTRL group). The mean age of 
FRDA patients’ group was 42 years ± 13, while in healthy 
controls the mean age was 41 years ± 13. A more detailed 
clinical description of these patients is available in Tiano 
et al. [40] and in Quatrana et al. [35]. Briefly, the FRDA 
group was constituted by patients with typical age of 
onset of neurological symptoms before 25 years, and 
patients with late-onset disease (LOFA, age at onset ≥ 25 
years). FRDA patients with typical onset had the shorter 
allele > 750 GAA, and LOFA patients had the shorter 
allele with 150–350 GAA. For the RNA-sequencing 
(RNA-seq) study, we decided to further divide our FRDA 
patients into 3 groups: (1) those with an early onset of 
neurological symptoms (< 14 years) and a worse course 
of the disease (named early-onset group, EOG); (2) those 
with an intermediate onset of neurological symptoms 
(14–25 years) and a slight disease course (intermediate-
onset group, IOG) and (3) those with a late onset of neu-
rological symptoms (> 25 years) and a slow disease course 
(late-onset group, LOG).

The FRDA patients we enrolled came from three differ-
ent clinical centers: Policlinico Tor Vergata-Fondazione 
PTV (Rome). La Sapienza University of Rome and Isti-
tuto Neurologico Carlo Besta (Milan).

This project was approved by the Ethical Committee 
of Policlinico Tor Vergata-Fondazione PTV (n. 47/16 
and n.56). All the enrolled patients gave informed con-
sent prior to the inclusion in the study. All the principles 
outlined in the Helsinki Declaration of 1975, as revised 
in 2013, have been followed in all the assays involving 
human subjects during the current study.

PBMCs isolation, total RNA extraction and reverse 
transcription
RNA-seq study was performed on RNA obtained from 
PBMCs. PBMCs from a peripheral blood sample (9 mL) 

of each FRDA patient and CTRL subject were isolated 
using density-gradient medium. About 4 mL of fresh 
blood was gently layered on equal volume of Ficoll-Paque 
Plus® (GE Healthcare, Little Chalfont, UK) and then cen-
trifuged at 400xg for 40  min at RT without brake. The 
mononuclear cell layer was transferred in a new tube 
and washed two times with Phosphate Buffered Saline 
(PBS). The cell pellet was resuspended in 1 mL of Trizol® 
(Ambion, Waltham, MA, USA) and stored at -80 °C. Total 
RNA, including miRNAs fraction, was extracted from 
these cell pellets according to manufacturer’s instructions 
(Trizol®, Ambion, Waltham, MA, USA). RNA concentra-
tion was evaluated by using a NanoDrop ND-1000 Spec-
trophotometer (Euro-Clone), whereas RNA quality was 
checked on agarose gel 1%.

Quantitative real time PCR (qRT-PCR) was conducted 
on miRNA fraction. To isolate miRNAs fraction, 50ng 
of total RNA from PBMCs was reverse transcribed into 
cDNA using the miRCURY LNA RT Kit (QIAGEN) fol-
lowing the manufacturer’s instructions.

Plasma isolation. miRNAs extraction and reverse 
transcription
Plasma samples have been isolated by whole blood using 
Ficoll-Plaque Plus® (GE Healthcare, Little Chalfont, UK) 
according to manufacturer’s instructions. Briefly, we 
added 3 mL of Ficoll-Paque Plus to a centrifuge tube and 
then carefully layered 4 mL of diluted blood sample (4 
mL). After a centrifugation step at 400×g for 40  min at 
RT, we drew off the upper layer of plasma using a clean 
Pasteur pipette. Subsequently, plasma samples were 
centrifuged for 10  min at 16,000×g in order to remove 
additional nucleic acids attached to cell debris and then 
stored at − 80° C.

Total RNA, including microRNAs, was extracted from 
200µL of plasma using miRNeasy Serum/Plasma Kit 
(QIAGEN) according to the manufacturer’s instructions. 
Sixteen µL of total RNA has been reverse transcribed 
into cDNA using the miRCURY LNA RT Kit (QIAGEN) 
following the manufacturer’s instruction.

MiRNA sequencing and data processing
The RNA-seq study has been performed in collabora-
tion with Biodiversa s.r.l. (http://www.biodiversa.it). One 
µg of fresh RNA extracted from PBMCs of four subjects 
from each group (EOG, IOG, LOG and CTRL), matched 
for age and sex (Table 1), have been sequenced to identify 
different expression level of sncRNAs and in particular a 
FRDA miRNA signature.

The quality of the reads was assessed with the software 
FASTQC, and then a trimming step was performed to 
remove adapters and low quality bases from the reads. 
The following parameters were used: the minimum 
length was set to 15 bp and the quality score to 25. The 

http://www.biodiversa.it
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software BBDuk was used for this scope. On average 95% 
of the reads passed the quality control. The high qual-
ity reads from human samples were aligned against the 
Homo sapiens genome (GRCh38 from Ensembl. https://
www.ensembl.org/index.html) with STAR aligner (ver-
sion 2.7.1a). On average 99% of the reads mapped on the 
genome and 42% mapped uniquely. The identification 
and expression quantification of small non-coding RNAs 
(sncRNA) such as miRNAs, snoRNAs, snRNAs and 
piRNAs, were performed with the COMPSRA pipeline. 
Based on the average expression of the genes across all the 
samples, the top 5% expressed small non-coding RNAs 
were identified. The statistical analysis was performed 
with edgeR applying the TMM normalization. Only 
sncRNAs showing an FDR (false discovery rate) < = 0.05 
were considered statistically significant. RNA-Seq data 
were deposited to Gene Expression Omnibus (GEO) 
under accession number GSE243874 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE243874).

MiRNAs expression analysis by qRT-PCR
Among the DE-miRNAs, we analyzed only those having 
the following criteria: (1) a higher expression level across 
all the samples (i.e. these miRNAs must be present in the 
top 5% expressed sncRNA list, Table S1); (2) a common 
behavior among at least two FRDA group; (3) a FDR (false 
discovery rate) value < 0.05. MiRNAs expression analysis 
on plasma samples was carried out using the ABI7500 
Fast Real-time PCR System (Life Technologies) in trip-
licate from at least two independent experiments (n = 6) 
using miRCURY LNA Sybr Green PCR Kit (QIAGEN) 
and a specific primer assay for hsa-miR-199b-5p (hsa-
miR-199b-5p GeneGlobe ID - YP00204152), hsa-miR-
143-3p (hsa-miR-143-3p GeneGlobe ID - YP00205992), 
hsa-miR-148a-3p (hsa-miR-148a-3p GeneGlobe ID - 
YP00205867) and hsa-miR-93-5p (hsa-miR-93-5p Gene-
Globe ID - YP00204715).

Hsa-miR-320c (hsa-miR-320c GeneGlobe 
ID-YP00205706 QIAGEN) and hsa-miR-598-3p (hsa-
miR-598-3p GeneGlobe ID-YP00204320 QIAGEN) were 
used as endogenous controls. Indeed, hsa-miR-320c and 
hsa-miR-598-3p were commonly expressed in PBMCs 
of all analyzed groups and showed an FDR of 1 (there-
fore not statistically significant) and a stable expression 
among samples. Moreover, we verified that in the litera-
ture these two miRNAs were not involved in ataxias (not 
only in the Friedreich ataxia) and in cardiovascular dis-
eases. Data analysis was performed using the compara-
tive Ct method quantification (2−∆Ct method) [35].

In silico prediction analysis of target genes
We performed an in silico analysis using the DIANA-
mirPath database (https://diana-lab.e-ce.uth.gr/app/
miRPathv4) to identify common target genes, i.e. putative 

genes regulated both by hsa-miR-148a-3p and by hsa-
miR-223-3p. DIANA-miRPath is a web server for miRNA 
pathway analysis, providing accurate statistics while able 
to accommodate advanced pipelines. MiRPath can utilize 
predicted miRNA targets (in CDS or 3’-UTR regions) 
provided by the DIANA-microT-CDS algorithm or even 
experimentally validated miRNA interactions derived 
from DIANA-TarBase v6.0. These interactions (predicted 
and/or validated) can be subsequently combined with 
sophisticated merging and meta-analysis algorithms.

Statistical analysis
All the statistical analysis in the sncRNA sequencing 
study were performed with the package edgeR. Experi-
mental data were statistically analyzed using SPSS 26 
(SPSS Inc., Chicago, IL, USA) and GraphPad Prism 9 
(GraphPad Software Inc., La Jolla, CA, USA).

The distribution of expression data was analyzed by 
Kolmogorov–Smirnov test. Mann–Whitney test and 
Kruskal–Wallis test were used for data analysis when 
appropriate. For both parametric and non-parametric 
distribution, expression data are represented as mean 
and standard deviation (SD).

To evaluate the diagnostic ability of the two miRNAs, a 
receiver operating characteristic (ROC) analysis was per-
formed using SPSS 26 software; briefly, we ran a binary 
logistic regression to obtain the probability and then ran 
a ROC curve using the probability as a test variable. The 
Area under the curve (AUC) quantified the probability 
that the prediction will be correct after the test variable is 
observed. For all analyses, significance was set at p < 0.05.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/s40246-024-00602-y.

Supplementary Material 1

Supplementary Material 2

Supplementary Material 3

Supplementary Material 4

Supplementary Material 5

Supplementary Material 6

Acknowledgements
We thank Dr. Andrea Latini for his kind support in SPSS 26 software analysis.

Author contributions
Conceptualization and supervision: F.A. and F.M.; methodology: A.Q and 
E.M.; validation. C.V; formal analysis. C.V., A.Q., F.A., F.M.; patients’ enrollment 
and clinical data: C.M., A.M., M.F.; resources. G.N., R.T.; writing (original draft 
preparation): C.V., F.A., F.M., A.R., A.Q.; writing (review and editing): F.A, F.M., 
G.N., R.T., G.N. I.C.; funding acquisition: G.N., F.A. F.M. All authors have read and 
agreed to the final version of the manuscript.

https://www.ensembl.org/index.html
https://www.ensembl.org/index.html
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE243874
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE243874
https://diana-lab.e-ce.uth.gr/app/miRPathv4
https://diana-lab.e-ce.uth.gr/app/miRPathv4
https://doi.org/10.1186/s40246-024-00602-y
https://doi.org/10.1186/s40246-024-00602-y


Page 11 of 12Vancheri et al. Human Genomics           (2024) 18:50 

Funding
This research was supported by Association Française de l’Ataxie de Friedreich 
(A.F.A.F) to F.M and F.A. and in part, by Italian Ministry of Health - GENERA 
(Genoma mEdiciNa pERsonalizzatA) - CUP E83C22004130005 – to G.N.

Data availability
The RNA-seq raw data discussed in this article have been submitted to Gene 
Expression Omnibus (GEO; https://www.ncbi.nlm.nih.gov/geo/) with the 
record GSE243874.

Declarations

Ethics approval and consent to participate
The study was carried out in accordance with the Declaration of Helsinki and 
approved by the Ethics Committee of Policlinico Tor Vergata-Fondazione PTV 
(n. 47/16 and n.56) for studies involving humans. All subjects were enrolled in 
this study after signing informed consent.

Consent for publication
All authors of this paper consent for publishing the manuscript and figures in 
the journal.

Competing interests
The authors declare no competing interests.

Author details
1Department of Biomedicine and Prevention, Genetics Unit, Tor Vergata 
University of Rome, Via Montpellier 1, Rome 00133, Italy
2Department of Biomedicine and Prevention, Laboratory of Signal 
Transduction, Tor Vergata University of Rome, Via Montpellier 1,  
Rome 00133, Italy
3Unit of Medical Genetics and Neurogenetics, Fondazione IRCCS Istituto 
Neurologico Carlo Besta, Milan 20133, Italy
4Saint Camillus International University of Health and Medical Sciences, 
Rome 00131, Italy
5Neuromed Institute, IRCCS, Pozzilli 86077, Italy
6Department of Pharmacology, School of Medicine, University of Nevada, 
Reno, NV 89557, USA
7Present address: Muscular and Neurodegenerative Diseases Laboratory, 
Bambino Gesù, Children’s Hospital, IRCCS, Rome, Italy

Received: 11 October 2023 / Accepted: 26 March 2024

References
1.	 Campuzano V, Montermini L, Lutz Y, Cova L, Hindelang C, Jiralerspong S, 

Trottier Y, Kish SJ, Faucheux B, Trouillas P, et al. Frataxin is reduced in Friedreich 
Ataxia patients and is Associated with mitochondrial membranes. Hum Mol 
Genet. 1997;6:1771–80. https://doi.org/10.1093/hmg/6.11.1771.

2.	 Clark E, Johnson J, Dong YN, Mercado-Ayon E, Warren N, Zhai M, McMillan E, 
Salovin A, Lin H, Lynch DR. Role of Frataxin Protein Deficiency and metabolic 
dysfunction in Friedreich Ataxia, an autosomal recessive mitochondrial 
disease. Neuronal Signal. 2018;2:NS20180060. https://doi.org/10.1042/
NS20180060.

3.	 Koeppen AH. Friedreich’s Ataxia: Pathology, Pathogenesis, and Molecu-
lar Genetics. J Neurol Sci. 2011;303:1–12. https://doi.org/10.1016/j.
jns.2011.01.010.

4.	 Condò I, Ventura N, Malisan F, Tomassini B, Testi R. A Pool of Extramitochon-
drial Frataxin that promotes cell survival. J Biol Chem. 2006;281:16750–6. 
https://doi.org/10.1074/jbc.M511960200.

5.	 Guccini I, Serio D, Condò I, Rufini A, Tomassini B, Mangiola A, Maira G, Anile C, 
Fina D, Pallone F, et al. Frataxin participates to the Hypoxia-Induced response 
in tumors. Cell Death Dis. 2011;2:e123. https://doi.org/10.1038/cddis.2011.5.

6.	 Schiavi A, Torgovnick A, Kell A, Megalou E, Castelein N, Guccini I, Marzocchella 
L, Gelino S, Hansen M, Malisan F, et al. Autophagy induction extends Lifespan 
and reduces lipid content in response to Frataxin Silencing in C. Elegans. Exp 
Gerontol. 2013;48:191–201. https://doi.org/10.1016/j.exger.2012.12.002.

7.	 Santos R, Lefevre S, Sliwa D, Seguin A, Camadro J-M, Lesuisse E. Fried-
reich Ataxia: Molecular mechanisms, Redox Considerations, and 

Therapeutic opportunities. Antioxid Redox Signal. 2010;13:651–90. https://
doi.org/10.1089/ars.2009.3015.

8.	 Hou J-GG, Jankovic J. Movement disorders in Friedreich’s Ataxia. J Neurol Sci. 
2003;206:59–64. https://doi.org/10.1016/s0022-510x(02)00321-0.

9.	 Payne RM, Wagner GR. Cardiomyopathy in Friedreich Ataxia: clini-
cal findings and research. J Child Neurol. 2012;27:1179–86. https://doi.
org/10.1177/0883073812448535.

10.	 Cnop M, Mulder H, Igoillo-Esteve M. Diabetes in Friedreich Ataxia. J Neuro-
chem. 2013;126(Suppl 1):94–102. https://doi.org/10.1111/jnc.12216.

11.	 Reetz K, Dogan I, Costa AS, Dafotakis M, Fedosov K, Giunti P, Parkinson MH, 
Sweeney MG, Mariotti C, Panzeri M, et al. Biological and clinical characteris-
tics of the European Friedreich’s Ataxia Consortium for Translational studies 
(EFACTS) Cohort: a cross-sectional analysis of Baseline Data. Lancet Neurol. 
2015;14:174–82. https://doi.org/10.1016/s1474-4422(14)70321-7.

12.	 Cook A, Giunti P. Friedreich’s Ataxia: clinical features, Pathogenesis and man-
agement. Br Med Bull. 2017;124:19–30. https://doi.org/10.1093/bmb/ldx034.

13.	 Parkinson MH, Boesch S, Nachbauer W, Mariotti C, Giunti P. Clinical features 
of Friedreich’s Ataxia: classical and atypical phenotypes. J Neurochem. 
2013;126:103–17. https://doi.org/10.1111/jnc.12317.

14.	 Lynch DR, Chin MP, Delatycki MB, Subramony SH, Corti M, Hoyle JC, Boesch 
S, Nachbauer W, Mariotti C, Mathews KD, et al. Safety and Efficacy of 
Omaveloxolone in Friedreich Ataxia (MOXIe study). Ann Neurol. 2021;89:212–
25. https://doi.org/10.1002/ana.25934.

15.	 Lee A, Omaveloxolone. First Approval Drugs. 2023;83:725–9. https://doi.
org/10.1007/s40265-023-01874-9.

16.	 Benini M, Fortuni S, Condò I, Alfedi G, Malisan F, Toschi N, Serio D, Massaro 
DS, Arcuri G, Testi R, et al. E3 ligase RNF126 directly ubiquitinates Frataxin, 
promoting its degradation: identification of a potential therapeutic target 
for Friedreich Ataxia. Cell Rep. 2017;18:2007–17. https://doi.org/10.1016/j.
celrep.2017.01.079.

17.	 Alfedi G, Luffarelli R, Condò I, Pedini G, Mannucci L, Massaro DS, Benini M, 
Toschi N, Alaimo G, Panarello L, et al. Drug repositioning screening identi-
fies Etravirine as a potential therapeutic for Friedreich’s Ataxia. Mov Disord. 
2019;34:323–34. https://doi.org/10.1002/mds.27604.

18.	 Sivakumar A, Cherqui S. Advantages and limitations of Gene Therapy and 
Gene Editing for Friedreich’s Ataxia. Front Genome Ed. 2022;4:903139. https://
doi.org/10.3389/fgeed.2022.903139.

19.	 Keita M, McIntyre K, Rodden LN, Schadt K, Lynch DR. Friedreich Ataxia: clinical 
features and New Developments. Neurodegener Dis Manag. 2022;12:267–83. 
https://doi.org/10.2217/nmt-2022-0011.

20.	 Rufini A, Malisan F, Condò I, Testi R. Drug repositioning in Friedreich Ataxia. 
Front Neurosci. 2022;16. https://doi.org/10.3389/fnins.2022.814445.

21.	 Subramony SH. Degenerative ataxias: challenges in Clinical Research. Ann 
Clin Transl Neurol. 2016;4:53–60. https://doi.org/10.1002/acn3.374.

22.	 Rizzacasa B, Amati F, Romeo F, Novelli G, Mehta JL. Epigenetic modification in 
coronary atherosclerosis: JACC Review topic of the Week. J Am Coll Cardiol. 
2019;74:1352–65. https://doi.org/10.1016/j.jacc.2019.07.043.

23.	 Ma J. The development of epigenetics in the study of Disease Pathogenesis. 
Adv Exp Med Biol. 2020;1253. https://doi.org/10.1007/978-981-15-3449-2_2.

24.	 Rizzacasa B, Morini E, Mango R, Vancheri C, Budassi S, Massaro G, Maletta S, 
Macrini M, D’Annibale S, Romeo F, et al. MiR-423 is differentially expressed in 
patients with stable and unstable coronary artery disease: a pilot study. PLoS 
ONE. 2019;14:e0216363. https://doi.org/10.1371/journal.pone.0216363.

25.	 Vancheri C, Morini E, Prandi FR, Barillà F, Romeo F, Novelli G, Amati F. Down-
regulation of circulating hsa-miR-200c-3p correlates with Dyslipidemia in 
patients with stable coronary artery disease. Int J Mol Sci. 2023;24:1112. 
https://doi.org/10.3390/ijms24021112.

26.	 Latini A, Vancheri C, Amati F, Morini E, Grelli S, Matteucci C, Petrone V, Colona 
VL, Murdocca M, Andreoni M, et al. Expression analysis of miRNA Hsa-Let7b-
5p in Naso-Oropharyngeal swabs of COVID-19 patients supports its role in 
regulating ACE2 and DPP4 receptors. J Cell Mol Med. 2022;26:4940–8. https://
doi.org/10.1111/jcmm.17492.

27.	 Ha T-Y. MicroRNAs in Human diseases: from Cancer to Cardiovascular Disease. 
Immune Netw. 2011;11:135–54. https://doi.org/10.4110/in.2011.11.3.135.

28.	 Viswambharan V, Thanseem I, Vasu MM, Poovathinal SA, Anitha A. miRNAs as 
biomarkers of neurodegenerative disorders. Biomark Med. 2017;11:151–67. 
https://doi.org/10.2217/bmm-2016-0242.

29.	 Schließer P, Struebing FL, Northoff BH, Kurz A, Rémi J, Holdt L, Höglinger 
GU, Herms J, Koeglsperger T. Detection of a Parkinson’s Disease-Specific 
MicroRNA signature in nasal and oral swabs. Mov Disord. 2023. https://doi.
org/10.1002/mds.29515.

https://www.ncbi.nlm.nih.gov/geo/
https://doi.org/10.1093/hmg/6.11.1771
https://doi.org/10.1042/NS20180060
https://doi.org/10.1042/NS20180060
https://doi.org/10.1016/j.jns.2011.01.010
https://doi.org/10.1016/j.jns.2011.01.010
https://doi.org/10.1074/jbc.M511960200
https://doi.org/10.1038/cddis.2011.5
https://doi.org/10.1016/j.exger.2012.12.002
https://doi.org/10.1089/ars.2009.3015
https://doi.org/10.1089/ars.2009.3015
https://doi.org/10.1016/s0022-510x(02)00321-0
https://doi.org/10.1177/0883073812448535
https://doi.org/10.1177/0883073812448535
https://doi.org/10.1111/jnc.12216
https://doi.org/10.1016/s1474-4422(14)70321-7
https://doi.org/10.1093/bmb/ldx034
https://doi.org/10.1111/jnc.12317
https://doi.org/10.1002/ana.25934
https://doi.org/10.1007/s40265-023-01874-9
https://doi.org/10.1007/s40265-023-01874-9
https://doi.org/10.1016/j.celrep.2017.01.079
https://doi.org/10.1016/j.celrep.2017.01.079
https://doi.org/10.1002/mds.27604
https://doi.org/10.3389/fgeed.2022.903139
https://doi.org/10.3389/fgeed.2022.903139
https://doi.org/10.2217/nmt-2022-0011
https://doi.org/10.3389/fnins.2022.814445
https://doi.org/10.1002/acn3.374
https://doi.org/10.1016/j.jacc.2019.07.043
https://doi.org/10.1007/978-981-15-3449-2_2
https://doi.org/10.1371/journal.pone.0216363
https://doi.org/10.3390/ijms24021112
https://doi.org/10.1111/jcmm.17492
https://doi.org/10.1111/jcmm.17492
https://doi.org/10.4110/in.2011.11.3.135
https://doi.org/10.2217/bmm-2016-0242
https://doi.org/10.1002/mds.29515
https://doi.org/10.1002/mds.29515


Page 12 of 12Vancheri et al. Human Genomics           (2024) 18:50 

30.	 Gomes BC, Peixinho N, Pisco R, Gromicho M, Pronto-Laborinho AC, Rueff J, de 
Carvalho M, Rodrigues AS. Differential expression of miRNAs in amyotrophic 
lateral sclerosis patients. Mol Neurobiol. 2023. https://doi.org/10.1007/
s12035-023-03520-7.

31.	 Li S, Lei Z, Sun T. The role of microRNAs in neurodegenerative diseases: 
a review. Cell Biol Toxicol. 2023;39:53–83. https://doi.org/10.1007/
s10565-022-09761-x.

32.	 Bandiera S, Cartault F, Jannot A-S, Hatem E, Girard M, Rifai L, Loiseau C, Mun-
nich A, Lyonnet S, Henrion-Caude A. Genetic variations creating microRNA 
Target sites in the FXN 3’-UTR affect Frataxin expression in Friedreich Ataxia. 
PLoS ONE. 2013;8:e54791. https://doi.org/10.1371/journal.pone.0054791.

33.	 Mahishi LH, Hart RP, Lynch DR, Ratan RR. Mir-886-3p levels are elevated in 
Friedreich Ataxia. J Neurosci. 2012;32:9369–73. https://doi.org/10.1523/
JNEUROSCI.0059-12.2012.

34.	 Kelly M, Bagnall RD, Peverill RE, Donelan L, Corben L, Delatycki MB, Semsarian 
CA. Polymorphic miR-155 binding site in AGTR1 is Associated with Cardiac 
Hypertrophy in Friedreich Ataxia. J Mol Cell Cardiol. 2011;51:848–54. https://
doi.org/10.1016/j.yjmcc.2011.07.001.

35.	 Quatrana A, Morini E, Tiano F, Vancheri C, Panarello L, Romano S, Marcotulli 
C, Casali C, Mariotti C, Mongelli A, et al. Hsa-miR223-3p circulating level 
is upregulated in Friedreich’s Ataxia and inversely Associated with HCLS1 
Associated protein X-1, HAX-1. Hum Mol Genet. 2022;ddac005. https://doi.
org/10.1093/hmg/ddac005.

36.	 Seco-Cervera M, González-Rodríguez D, Ibáñez-Cabellos JS, Peiró-Chova L, 
Pallardó FV, García-Giménez JL. Small RNA-Seq analysis of circulating miRNAs 
to identify phenotypic variability in Friedreich’s Ataxia patients. Sci Data. 
2018;5:180021. https://doi.org/10.1038/sdata.2018.21.

37.	 Chiang S, Huang MLH, Richardson DR. Treatment of dilated cardiomyopa-
thy in a mouse model of Friedreich’s Ataxia using N-Acetylcysteine and 
identification of alterations in microRNA expression that could be involved in 
its pathogenesis. Pharmacol Res. 2020;159:104994. https://doi.org/10.1016/j.
phrs.2020.104994.

38.	 Seco-Cervera M, González-Rodríguez D, Ibáñez-Cabellos JS, Peiró-Chova 
L, González-Cabo P, García-López E, Vílchez JJ, Sanz-Gallego I, Pallardó FV, 
García-Giménez JL. Circulating miR-323-3p Is a biomarker for Cardiomyopa-
thy and an Indicator of phenotypic variability in Friedreich’s Ataxia patients. 
Sci Rep. 2017;7:5237. https://doi.org/10.1038/s41598-017-04996-9.

39.	 Khan W, Corben LA, Bilal H, Vivash L, Delatycki MB, Egan GF, Harding IH. 
Neuroinflammation in the Cerebellum and Brainstem in Friedreich Ataxia: an 
[18F]-FEMPA PET study. Mov Disord. 2022;37:218–24. https://doi.org/10.1002/
mds.28825.

40.	 Tiano F, Amati F, Cherubini F, Morini E, Vancheri C, Maletta S, Fortuni S, Serio D, 
Quatrana A, Luffarelli R, et al. Frataxin Deficiency in Friedreich’s Ataxia is Asso-
ciated with reduced levels of HAX-1, a Regulator of Cardiomyocyte Death 
and Survival. Hum Mol Genet. 2020;29:471–82. https://doi.org/10.1093/hmg/
ddz306.

41.	 Vlachos IS, Zagganas K, Paraskevopoulou MD, Georgakilas G, Karagkouni D, 
Vergoulis T, Dalamagas T, Hatzigeorgiou AG. DIANA-miRPath v3.0: decipher-
ing microRNA function with experimental support. Nucleic Acids Res. 
2015;43:W460–466. https://doi.org/10.1093/nar/gkv403.

42.	 Mandrekar JN. Receiver operating characteristic curve in Diagnostic Test 
Assessment. J Thorac Oncol. 2010;5:1315–6. https://doi.org/10.1097/
JTO.0b013e3181ec173d.

43.	 Misiorek JO, Schreiber AM, Urbanek-Trzeciak MO, Jazurek-Ciesiołka M, Hauser 
LA, Lynch DR, Napierala JS, Napierala MA. Comprehensive Transcriptome 
Analysis identifies FXN and BDNF as novel targets of miRNAs in Friedreich’s 
Ataxia patients. Mol Neurobiol. 2020;57:2639–53. https://doi.org/10.1007/
s12035-020-01899-1.

44.	 Komatsu S, Imamura T, Kiuchi J, Takashima Y, Kamiya H, Ohashi T, Konishi 
H, Shiozaki A, Kubota T, Okamoto K, et al. Depletion of tumor suppressor 
miRNA-148a in plasma relates to Tumor Progression and poor outcomes in 
gastric Cancer. Am J Cancer Res. 2021;11:6133–46.

45.	 Bhattacharya S, Chalk AM, Ng AJM, Martin TJ, Zannettino AC, Purton LE, Lu 
J, Baker EK, Walkley CR. Increased mir-155-5p and reduced miR-148a-3p 
contribute to the suppression of Osteosarcoma Cell Death. Oncogene. 
2016;35:5282–94. https://doi.org/10.1038/onc.2016.68.

46.	 Lacerda JZ, Ferreira LC, Lopes BC, Aristizábal-Pachón AF, Bajgelman MC, Borin 
TF, de Zuccari DAP. Therapeutic potential of melatonin in the regulation of 
miR-148a-3p and angiogenic factors in breast Cancer. Microrna. 2019;8:237–
47. https://doi.org/10.2174/2211536608666190219095426.

47.	 Xie Q, Yu Z, Lu Y, Fan J, Ni Y, Ma L. microRNA-148a-3p inhibited the prolifera-
tion and epithelial-mesenchymal transition progression of Non-small-cell 

Lung Cancer via modulating Ras/MAPK/Erk Signaling. J Cell Physiol. 
2019;234:12786–99. https://doi.org/10.1002/jcp.27899.

48.	 Goedeke L, Rotllan N, Canfrán-Duque A, Aranda JF, Ramírez CM, Araldi E, Lin 
C-S, Anderson NN, Wagschal A, de Cabo R, et al. MicroRNA-148a regulates 
LDL receptor and ABCA1 expression to control circulating lipoprotein levels. 
Nat Med. 2015;21:1280–9. https://doi.org/10.1038/nm.3949.

49.	 Shang L, Quan A, Sun H, Xu Y, Sun G, Cao P. MicroRNA-148a-3p promotes 
Survival and Migration of endothelial cells isolated from apoe deficient mice 
through restricting circular RNA 0003575. Gene. 2019;711:143948. https://doi.
org/10.1016/j.gene.2019.143948.

50.	 Zhang W, Man Y, Chen Z. microRNA-148a in Exosomes derived from bone 
marrow mesenchymal stem cells alleviates Cardiomyocyte apoptosis in Atrial 
Fibrillation by inhibiting SMOC2. Mol Biotechnol. 2022;64:1076–87. https://
doi.org/10.1007/s12033-022-00487-z.

51.	 Raso A, Dirkx E, Philippen LE, Fernandez-Celis A, De Majo F, Sampaio-Pinto V, 
Sansonetti M, Juni R, El Azzouzi H, Calore M, et al. Therapeutic delivery of miR-
148a suppresses ventricular dilation in Heart failure. Mol Ther. 2019;27:584–
99. https://doi.org/10.1016/j.ymthe.2018.11.011.

52.	 Zeng L, Jiang H, Ashraf GM, Liu J, Wang L, Zhao K, Liu M, Li Z, Liu R. Implica-
tions of miR-148a-3p/P35/PTEN signaling in Tau Hyperphosphorylation and 
autoregulatory feedforward of Akt/CREB in Alzheimer’s Disease. Mol Ther 
Nucleic Acids. 2022;27:256–75. https://doi.org/10.1016/j.omtn.2021.11.019.

53.	 Zhao Q, Liu H, Cheng J, Zhu Y, Xiao Q, Bai Y, Tao J. Neuroprotective effects of 
Lithium on a chronic MPTP Mouse Model of Parkinson’s Disease via Regula-
tion of Α–synuclein methylation. Mol Med Rep. 2019;19:4989–97. https://doi.
org/10.3892/mmr.2019.10152.

54.	 Xu J, Sun M, Li X, Huang L, Gao Z, Gao J, Xie A. MicroRNA expression profiling 
after recurrent febrile seizures in rat and emerging role of miR-148a-3p/SYNJ1 
Axis. Sci Rep. 2021;11:1262. https://doi.org/10.1038/s41598-020-79543-0.

55.	 Jiang G, Zhou R, He X, Shi Z, Huang M, Yu J, Wang X. Expression levels of 
microRNA-199 and Hypoxia-Inducible Factor-1 alpha in Brain tissue of 
patients with Intractable Epilepsy. Int J Neurosci. 2016;126:326–34. https://
doi.org/10.3109/00207454.2014.994209.

56.	 van Rooij E, Sutherland LB, Liu N, Williams AH, McAnally J, Gerard RD, Rich-
ardson JA, Olson EN. A signature pattern of stress-responsive microRNAs that 
can evoke Cardiac Hypertrophy and Heart failure. Proc Natl Acad Sci U S A. 
2006;103:18255–60. https://doi.org/10.1073/pnas.0608791103.

57.	 da Martins C, Salic PA, Gladka K, Armand MM, Leptidis A-S, el Azzouzi S, Han-
sen H, -de Coenen A, Bierhuizen MF, van der Nagel R, et al. MicroRNA-199b 
targets the nuclear kinase Dyrk1a in an auto-amplification Loop promot-
ing Calcineurin/NFAT signalling. Nat Cell Biol. 2010;12:1220–7. https://doi.
org/10.1038/ncb2126.

58.	 Li Z, Liu L, Hou N, Song Y, An X, Zhang Y, Yang X, Wang J. Mir-199-Sponge 
transgenic mice develop physiological Cardiac Hypertrophy. Cardiovasc Res. 
2016;110:258–67. https://doi.org/10.1093/cvr/cvw052.

59.	 Garbers C, Aparicio-Siegmund S, Rose-John S. The IL-6/Gp130/STAT3 Signal-
ing Axis: recent advances towards specific inhibition. Curr Opin Immunol. 
2015;34:75–82. https://doi.org/10.1016/j.coi.2015.02.008.

60.	 Scherger AK, Al-Maarri M, Maurer HC, Schick M, Maurer S, Öllinger R, 
Gonzalez-Menendez I, Martella M, Thaler M, Pechloff K, et al. Activated 
Gp130 Signaling selectively targets B Cell differentiation to induce mature 
lymphoma and Plasmacytoma. JCI Insight. 2019;4(e128435):128435. https://
doi.org/10.1172/jci.insight.128435.

61.	 Rose-John S. Interleukin-6 signalling in Health and Disease. 
F1000Res. 2020;9:FFacultyRev1000–1013. https://doi.org/10.12688/
f1000research.26058.1.

62.	 Rothaug M, Becker-Pauly C, Rose-John S. The role of Interleukin-6 signaling 
in nervous tissue. Biochim Biophys Acta. 2016;1863:1218–27. https://doi.
org/10.1016/j.bbamcr.2016.03.018.

63.	 Namihira M, Nakashima K. Mechanisms of astrocytogenesis in the mam-
malian brain. Curr Opin Neurobiol. 2013;23:921–7. https://doi.org/10.1016/j.
conb.2013.06.002.

64.	 Tan G, Napoli E, Taroni F, Cortopassi G. Decreased expression of genes 
involved in sulfur amino acid metabolism in Frataxin-deficient cells. Hum Mol 
Genet. 2003;12:1699–711. https://doi.org/10.1093/hmg/ddg187.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

https://doi.org/10.1007/s12035-023-03520-7
https://doi.org/10.1007/s12035-023-03520-7
https://doi.org/10.1007/s10565-022-09761-x
https://doi.org/10.1007/s10565-022-09761-x
https://doi.org/10.1371/journal.pone.0054791
https://doi.org/10.1523/JNEUROSCI.0059-12.2012
https://doi.org/10.1523/JNEUROSCI.0059-12.2012
https://doi.org/10.1016/j.yjmcc.2011.07.001
https://doi.org/10.1016/j.yjmcc.2011.07.001
https://doi.org/10.1093/hmg/ddac005
https://doi.org/10.1093/hmg/ddac005
https://doi.org/10.1038/sdata.2018.21
https://doi.org/10.1016/j.phrs.2020.104994
https://doi.org/10.1016/j.phrs.2020.104994
https://doi.org/10.1038/s41598-017-04996-9
https://doi.org/10.1002/mds.28825
https://doi.org/10.1002/mds.28825
https://doi.org/10.1093/hmg/ddz306
https://doi.org/10.1093/hmg/ddz306
https://doi.org/10.1093/nar/gkv403
https://doi.org/10.1097/JTO.0b013e3181ec173d
https://doi.org/10.1097/JTO.0b013e3181ec173d
https://doi.org/10.1007/s12035-020-01899-1
https://doi.org/10.1007/s12035-020-01899-1
https://doi.org/10.1038/onc.2016.68
https://doi.org/10.2174/2211536608666190219095426
https://doi.org/10.1002/jcp.27899
https://doi.org/10.1038/nm.3949
https://doi.org/10.1016/j.gene.2019.143948
https://doi.org/10.1016/j.gene.2019.143948
https://doi.org/10.1007/s12033-022-00487-z
https://doi.org/10.1007/s12033-022-00487-z
https://doi.org/10.1016/j.ymthe.2018.11.011
https://doi.org/10.1016/j.omtn.2021.11.019
https://doi.org/10.3892/mmr.2019.10152
https://doi.org/10.3892/mmr.2019.10152
https://doi.org/10.1038/s41598-020-79543-0
https://doi.org/10.3109/00207454.2014.994209
https://doi.org/10.3109/00207454.2014.994209
https://doi.org/10.1073/pnas.0608791103
https://doi.org/10.1038/ncb2126
https://doi.org/10.1038/ncb2126
https://doi.org/10.1093/cvr/cvw052
https://doi.org/10.1016/j.coi.2015.02.008
https://doi.org/10.1172/jci.insight.128435
https://doi.org/10.1172/jci.insight.128435
https://doi.org/10.12688/f1000research.26058.1
https://doi.org/10.12688/f1000research.26058.1
https://doi.org/10.1016/j.bbamcr.2016.03.018
https://doi.org/10.1016/j.bbamcr.2016.03.018
https://doi.org/10.1016/j.conb.2013.06.002
https://doi.org/10.1016/j.conb.2013.06.002
https://doi.org/10.1093/hmg/ddg187

	﻿An RNA-seq study in Friedreich ataxia patients identified hsa-miR-148a-3p as a putative prognostic biomarker of the disease
	﻿Abstract
	﻿Introduction
	﻿Results
	﻿Study population
	﻿RNA-sequencing
	﻿Hsa-miR-148-3p is upregulated in FRDA plasma
	﻿ROC curve and correlation analysis of hsa-miR-148a-3p
	﻿Combined ROC curve analysis of miR-223-3p and miR-148a-3p
	﻿In silico prediction analysis on putative target genes common to hsa-miR-223-3p and hsa-miR-148a-3p

	﻿Discussion
	﻿Conclusions
	﻿Materials and methods
	﻿Patient’s recruitment and samples collection
	﻿PBMCs isolation, total RNA extraction and reverse transcription
	﻿Plasma isolation. miRNAs extraction and reverse transcription
	﻿MiRNA sequencing and data processing
	﻿MiRNAs expression analysis by qRT-PCR
	﻿In silico prediction analysis of target genes
	﻿Statistical analysis

	﻿References


