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Abstract

Skeletal muscle pathology is thought to have an important role in the onset and/or progression of amyotrophic lateral sclerosis
(ALS), which is a neurodegenerative disorder characterized by progressive muscle weakness. Since miRNAs are recognized
as important regulatory factors of essential biological processes, we aimed to identify differentially expressed miRNAs in
the skeletal muscle of sporadic ALS patients through the combination of molecular-omic technologies and bioinformatic
tools. We analyzed the miRnome profiles of skeletal muscle biopsies acquired from ten sALS patients and five controls with
Aftfymetrix GeneChip miRNA 4.0 Array. To find out differentially expressed miRNAs in patients, data were analyzed by The
Institute for Genomic Research-Multi Experiment Viewer (MeV) and miRNAs whose expression difference were statistically
significant were identified as candidates. The potential target genes of these miRNAs were predicted by miRWalk 2.0 and
were functionally enriched by gene ontology (GO) analysis. The expression level of priority candidates was validated by
quantitative real-time PCR (qRT-PCR) analysis. We identified ten differentially expressed miRNAs in patients with a fold
change threshold > 2.0, FDR =0. We identified ten differentially expressed miRNAs in patients with a fold change thresh-
old>2.0, FDR =0. Nine out of the ten miRNAs were found to be related to top three enriched ALS-related terms. Based on
the qRT-PCR validation of candidate miRNAs, patients were separated into two groups: those with upregulated miR-4429
and miR-1825 expression and those with downregulated miR-638 expression. The different muscle-specific miRNA pro-
files in SALS patients may indicate the involvement of etiologic heterogeneity, which may allow the development of novel
therapeutic strategies.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive and
fatal neuromuscular disorder, particularly affecting espe-
cially upper and lower motor neurons. It is the most com-
mon motor neuron disease in adults with a worldwide preva-
lence of 4-6 per 100,000. The majority of cases of ALS are
sporadic (90-95%). The remaining cases (5-10%) exhibit
a Mendelian pattern of inheritance, usually inherited in an
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autosomal dominant manner. Both forms are thought to have
common pathogenic mechanisms as they share similar clini-
cal and pathological features [1].

The disease causes progressive and severe muscle weak-
ness as muscle function is largely controlled by motor
neurons. It is known that skeletal muscle is not only the
end-organ that is affected by motor neuron degeneration but
also contributes actively to the onset and/or progression of
the disease [2]. It has been suggested that skeletal muscle
pathology plays a role in the pathogenesis of ALS by acti-
vating a retrograde signaling cascade that degrades motor
neurons [3]. It is also commonly accepted that neuromus-
cular junction (NMJ) dismantlement is one of the earliest
pathogenic signature occurred before disease symptoms and
independently of motor neuron degeneration [4]. Both before
the clinical onset and during the disease progression, inef-
fective cycles of reinnervation and denervation are observed
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during motor neuron degeneration in the skeletal muscle
of ALS patients [2]. Therefore, understanding the molecu-
lar and pathological changes in skeletal muscle fibers can
lead to the identification of the pathogenic mechanism of
the disease and can be exploited to develop new treatment
strategies.

MicroRNAs (miRNAs) are short, single-stranded endog-
enous non-coding RNA molecules that play an essential role
in mediating RNA-interference through epigenetic regula-
tion of gene expression [5, 6]. The ability of miRNAs to
fine-tune the activity of biological pathways supports their
potential as therapeutic targets for the treatment of various
diseases [7]. In this study, we presented comprehensive and
large-scale data with regard to dysregulated miRNAs in skel-
etal muscle tissue of SALS patients.

Materials and methods
Patients

All participants provided written informed consent to par-
ticipate in this study and ethical approval was granted by the
Hacettepe University Faculty of Medicine Ethical Review
Board (GO 16/552-37). Skeletal muscle biopsies from the
left biceps brachii muscle were obtained from all six control
subjects (age range 22-54 years, mean age 33.2 years) and
ten definite ALS patients (age range 26-59 years, mean age
42.8 years) according to Revised El-Escorial criteria with
no family history of ALS (sporadic ALS, sALS). Muscle
biopsies with no diagnostic pathology as indicated by nor-
mal histomorphology were used as controls. Tissue speci-
mens were rapidly frozen in isopentane cooled in liquid
nitrogen and stored at —80 °C until further use. Standard
histological and histochemical techniques were applied to all
cryostat tissue sections, including haematoxylin and eosin
(H&E), modified Gomori trichrome, ATP (pH: 9.4), nicoti-
namide adenine dinucleotide (NADH), succinate dehydro-
genase (SDH), periodic acid—Schiff (PAS), Oil-red-O, and
myophosphorylase.

Total RNA extraction from skeletal muscle biopsies
of sALS patients and controls

Total RNA was extracted from the skeletal muscle biop-
sies (~30 mg) using miRCURY RNA Isolation Kit—Cell
& Plant (Qiagen, Valencia, California, USA), according to
the manufacturer’s instructions. Quantity and integrity of
total RNA were determined using a NanoDrop ND-1000
spectrophotometer (Thermo Scientific, Waltham, MA, USA)
and agarose gel electrophoresis, respectively.
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miRNA microarray analysis

Differential analysis of the miRNAs was performed using
Affymetrix GeneChip miRNA array technology version 4.0
(Thermo Fisher Scientific, Santa Clara, CA, USA), accord-
ing to the manufacturer’s directions on total RNA extracted
from skeletal muscle biopsies of ten sALS patients and six
controls. The array contains probe sets for 2578 mature
human miRNAs. Total RNA (300 ng) including miRNAs
was biotin-labeled using the FlashTagTM Biotin HSR RNA
Labeling kit (Affymetrix, Genisphere, Hatfield, PA, USA)
and the samples were then hybridized overnight using the
GeneChip Hybridization Oven 640 (Affymetrix, Santa
Clara, CA, USA) at 48 °C. The arrays were then washed and
stained in the GeneChip Fluidics Station 450 (Affymetrix,
Santa Clara, CA, USA). The arrays were scanned using a
GeneChip Scanner 3000 7G (Affymetrix, Santa Clara, CA,
USA) and the signal values were evaluated using the Expres-
sion Console Software (EC) v1.2 (Affymetrix by Thermo
Fisher Scientific). Intensity values (presence/absence values)
and signal histograms of each hybridization were quality
checked (Supplementary Fig. 1). To identify the differen-
tially expressed miRNAs between sALS patients and con-
trols, acquired data were analyzed using Multi Experiment
Viewer (MeV v4.9.0; The Institute for Genomic Research).
miRNAs whose differential expression was statistically sig-
nificant [with a fold change >2.0 and false discovery rate
(FDR) =0 for MeV-SAM analysis] were identified as the
potential miRNA candidates.

miRNA target prediction and functional annotation/
gene enrichment analysis of miRNA targets

The potential target genes of candidate miRNAs were inves-
tigated in-silico using the miRWalk 2.0 database, a com-
prehensive atlas of predicted and validated miRNA-target
interactions [8, 9]. Subsequently, using the EnrichR tool,
Gene ontology (GO) enrichment analysis was performed to
gain insights into the biological functions of all the target
genes of each candidate miRNA based on biological pro-
cesses [10, 11].

Quantitative real-time PCR (qRT-PCR) validation
of candidate miRNAs

The expression of differentially expressed miRNA can-
didates in SALS patients was determined by qRT-PCR.
Reverse transcription was carried out using the miRNA-spe-
cific stem-loop RT primers (TagMan™ MicroRNA Assays,
Thermo Fisher Scientific, Waltham, MA, USA) and the
TagMan® MicroRNA Reverse Transcription Kit (Thermo
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Fisher Scientific, Waltham, MA, USA). gqRT-PCR was car-
ried out with TagMan probes (TagMan® MicroRNA Assays,
Thermo Fisher Scientific, Waltham, MA, USA), TagMan®
Universal PCR Master Mix, and no AmpErase® UNG
(Thermo Fisher Scientific, Waltham, MA, USA). Ampli-
fications were performed using Bio-Rad IQ5 Real-time
PCR Detection Systems (Bio-Rad, Hercules, CA, USA).
The 2722 method was then used to calculate the relative
expression levels of candidate miRNAs. All reactions were
performed in triplicate for each sample, and as with other
ALS-related studies [12—14] the U6 snRNA was used for
normalization of miRNA RT-qPCR data.

Sorting out ALS-related target genes
and the evaluation of miRNA-binding sites

ALS-related target genes were sorted out from the target
gene lists of three differentially expressed miRNAs using
the Venny 2.1.0 tool. Subsequently, validated ALS-related
target genes were examined in MirTarBase, an experimen-
tally validated microRNA-target interactions database and
binding sites of ALS-related target genes were identified
in TargetScan 7.2, a tool for sequence-based miRNA-target
prediction [15], which has classified target complementary
base pairing with the miRNA seed region as 8mer, 7mer-m8,
7mer-A1l, and 6mer according to efficiency and the conser-
vation level among species. For the expression analysis of
ALS-related target genes, total RNA was used as a template
for cDNA synthesis using iScript™ cDNA Synthesis Kit
((Bio-Rad Lab, Hercules, CA, USA). qRT-PCR was car-
ried out by iTaq Universal SYBR Green Supermix using
the iQ5 Real-Time PCR Detection System (Bio-Rad Lab,

Hercules, CA, USA). The reactions were run in triplicate.
The PCR cycling conditions were as follows: 2 min at 95 °C;
followed by 40 cycles of 95 °C for 10 s, and 56 °C for 20 s.
Post-amplification melt-curve analysis was run after each
reaction. Relative quantities of UBQLN2 and FUS mRNAs
were calculated using the 2724 method after normalization
to the GAPDH. The experiments were repeated three times.

Statistical analysis

Significance analysis of microarrays (SAM) was applied to
identify the differentially expressed miRNAs in the MeV
program. For the qRT-PCR experiments, fold changes in the
expression level of miRNAs in MD groups were evaluated
by Mann—Whitney U test with the p value of <0.05 being
considered significant. Statistical analyses were performed
using the GraphPad Prism 5.0 software (GraphPad Software,
Inc., San Diego, CA).

Results
Clinical evaluation of patients

Muscle biopsies from ten sALS patients (five females and
five males; age range 2659 years, mean age 42.8 years)
and six controls (three females and three males; age range
27-56 years, mean age 44.1 years) were included in the
study. The average duration of the disease was 1.3 (0.5-4)
years while the average ALS functional rating scale was 38.8
(27-46). The clinical and histopathological findings of SALS
patients are listed in Table 1.

Table 1 The clinical diagnosis and histopathological characteristics of the patients

Patient number Age (years) Sex Symptom dura-  Distribution of weakness ALSFRS-R Histopathologi-
tion (years) cal findings of
muscle biopsy
ALS 1 48 F 0,5 Upper and lower extremities 34 Group atrophy
No bulbar
ALS 2 43 M 0,5 Bulbar, upper and lower extremities 44 Normal
ALS 3 49 M 1 Bulbar, upper and lower extremities 40 Type grouping
ALS 4 56 M 1 Bulbar and upper extremities 36 Normal
ALS 5 36 F 2 Upper and lower extremities 42 Group atrophy
ALS 6 37 M 0,5 Lower extremities 45 Normal
ALS 7 42 M 0,5 Upper extremities 46 Normal
ALS 8 26 F 0,5 Bulbar, upper and lower extremities 38 Type 2 atrophy
Group atrophy
ALS9 59 F 4 Bulbar, upper and lower extremities 27 Scattered
mitochondrial
aggregates
ALS 10 32 F 2,5 Upper and lower extremities 36 Group atrophy

ALSFRS-R Revised ALS functional rating scale
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Microarray-based miRNA expression profile analysis
revealed ten differentially expressed miRNAs
in sALS patients

miRNA profiling was performed by miRNA microarray
analysis of skeletal muscle biopsies of sSALS patients and
controls. Since the concentration of RNA extracted from
Control 3 was below the threshold (61.8 ng/ul), it was not
included in our study. Background correction, data normali-
zation, and the computation of the probe-set level expres-
sion were performed using the Expression Console Software
v.1.2 (Affymetrix) with Robust Multichip Average (RMA)
and Detection Above Background (DABG) algorithms.
After comparing all patients with all controls, ten miRNAs
were found to be dysregulated in ALS patients (Table 2).
Nine of ten miRNAs (miR-933, miR-191-3p, miR-4310,
miR-4750-5p, miR-1825, miR-371b-5p, miR-638, miR-940,
and miR-572) as well as a small nucleolar RNA, U48, were
upregulated in patients. However, miR-4429 was downregu-
lated in ALS patients. Raw data of our microarray experi-
ment can be accessed through ArrayExpress database at
EMBL-EBI (www.ebi.ac.uk/arrayexpress) under accession
number E-MTAB-9140.

Potential target genes of the ten dysregulated
miRNAs were associated with ALS-related terms

We obtained potential target gene lists of the dysregulated
miRNAs from miRWalk 2.0. Subsequently, Gene Ontology
(GO) enrichment analysis was performed according to the
biological process domain on target genes of candidate miR-
NAs. All dysregulated miRNAs were involved in disease
associated pathways; however, only nine of them, excluding

miR-572, were associated with the top three enriched ALS-
related terms. As shown in Figs. 1 and 2, the top three
enriched GO terms were mainly related to the regulation
of transcription [positive (GO 0045893) and negative (GO
0045892)], DNA-templated regulation of transcription from
RNA polymerase II promoter [positive (GO 0045944) and
negative (GO 0000122)], and regulation of gene expres-
sion [positive (GO 0010628) and negative (GO 0010629)].
The other ALS-related biological processes are ubiquitin-
dependent protein catabolic process (GO 0006511), intrinsic
apoptotic signaling pathway (GO 0097193), skeletal muscle
tissue development (GO 0007519), dendrite morphogene-
sis (GO 0048813), regulation of cytoskeleton organization
(GO 0051493), and positive regulation of lipid storage (GO
0010884).

gRT-PCR analysis revealed three candidate miRNAs
were differentially expressed in sALS patients

All ten candidate miRNAs were possibly related to ALS-
related biological processes. Since miR-572 was not associ-
ated with the top three GO enriched processes and a miRNA
assay for miR-940 was not available, they were excluded
from validation experiments. Validation experiments of the
remaining eight miRNAs showed no significant difference
between all ten patients and controls. However, three out of
the eight miRNAs (miR-1825, miR-4429 and miR-638) were
differentially expressed in half of the SALS patients. These
results divided patients into two groups. Among miRNAs
that were differentially expressed, miR-4429 and miR-1825
were significantly upregulated in five of the sALS patients
(ALS1-ALSS), while miR-638 was downregulated in the
other half of the SALS patients (ALS6-ALS10) (Fig. 3).

Table 2 The list of differentially expressed miRNAs with a fold change >2 and FDR =0 in patients with SALS compared to control group

miRBase ID Fold change FDR (%) Mature sequence
hsa-miR-933 MIMATO0004976 5.76 0.0 UGUGCGCAGGGAGACcCUcUccc
hsa-miR-191-3p MIMATO0001618 3.79 0.0 GCUGCGCUUGGAUUUCGUCCCC
hsa-miR-4310 MIMATO0016862 4.64 0.0 GCAGCAUUCAUGUCCC
hsa-miR-4750-5p MIMAT0019887 2.02 0.0 CUCGGGCGGAGGUGGUUGAGUG
hsa-miR-1825 MIMAT0006765 2.16 0.0 UCCAGUGCCccCuccucucc
hsa-miR-371b-5p MIMAT0019892 4.28 0.0 ACUCAAAAGAUGGCGGCACUUU
hsa-miR-638 MIMAT0003308 2.07 0.0 AGGGAUCGCGGGCGGGUGGCGGCCU
hsa-miR-940 MIMAT0004983 4.40 0.0 AAGGCAGGGCCcceeaeuccecece
hsa-miR-572 MIMAT0003237 4.04 0.0 GUCCGCUCGGCGGUGGCCCA
hsa-miR-4429 MIMATO0018944 —-2.23 0.0 AAAAGCUGGGCUGAGAGGCG

SAM analysis were carried out in MeV program

FDR false discovery rate
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Fig.3 qRT-PCR validation miR-1825
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All three dysregulated miRNAs may target
ALS-related genes that have at least one
miRNA-binding sites

After investigation of potential target genes in miRWalk
2.0 database, we aimed to identify miRNA-binding sites
of ALS-related target genes. We checked for the presence
of validated/predicted target genes that are associated with
ALS using possible target gene lists of candidate miRNAs
and found that there were no disease-related target genes
validated by strong experimental evidence and all three

@ Springer

miRNAs (miR-1825, miR-638, miR-4429) can target pre-
dicted ALS-related genes. As seen in Table 3, miRNA-bind-
ing site analysis of ALS-related target genes using TargetS-
can database revealed that all target genes have at least one
miRNA-binding site in their 3°UTR. The main results of our
study are summarized in the form of a flowchart representa-
tion in Fig. 4. After analysing miRNA-binding sites of ALS-
related target genes, expression analysis of the most potential
target genes, UBQLNZ2 and FUS, was performed. A statisti-
cally significant downregulation of UBQLN2 (p=0.0212)
and FUS (p=0.0079) was detected in half of the patients
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Table 3 miRNA-binding sites of ALS-related target genes of three
dysregulated miRNAs

Dys- ALS-related Number 8mer 7mer-m8 7mer-Al
regulated  target genes of binding
miRNAs sites
miR-1825  UBQLN2 3 - 3 -
C2lorf2 1 - 1 -
NEFH 1 - - 1
vCcpP 1 - - 1
miR-638 ALS2 1 - 1 -
miR-4429  FUS 1 - 1 -

(ALS1-ALSS5) who showed increased miR-1825 and miR-
4429 expression (Fig. 5).

Discussion

In this study we evaluated the differential expression levels
of skeletal muscle miRNAs in sALS patients and controls.
A growing number of scientific studies have revealed impor-
tant roles for miRNAs including muscle-specific miRNAs
(myomiRs) in skeletal muscle function such as, growth,
regeneration, and metabolism [16, 17]. miRNAs are recog-
nized as important regulatory factors in different diseases,
and large-scale microarray analysis has provided evidence
of the dysregulation of miRNAs in a variety of neuromuscu-
lar diseases, such as Duchenne muscular dystrophy (DMD),
Facioscapulohumeral muscular dystrophy (FSHD), and
Limb-girdle muscular dystrophies (LGMDs) [18]. Also,

dysregulated miRNAs in skeletal muscle tissue of SALS
patients were investigated in some studies, most of which
were focusing only on myomiRs [13, 19, 20]. Two high-
throughput studies identified differentially expressed miR-
NAs in the skeletal muscle of SALS patients. However,
one study was performed with a small sample size using
an array system containing low miRNA coverage, and the
other was completed without any validation experiment and
pathway analysis [21, 22]. On the contrary, our study is a
more detailed study with a comprehensive miRNA array
coverage, sufficient sample size, validation experiments, and
pathway analysis.

We identified one downregulated (miR-4429) and 9
upregulated miRNAs (miR-933, miR-191-3p, miR-4310,
miR-4750-5p, miR-1825, miR-371b-5p, miR-638, miR-940,
miR-572) in skeletal muscle of sALS patients. To understand
the putative roles of these miRNAs, we identified potential
targets using bioinformatics approaches. According to GO
term enrichment analysis, the target genes of these miRNAs,
except for miR-572, were mainly enriched in the top three
enriched ALS-related terms, such as DNA-templated regula-
tion of transcription, regulation of transcription from RNA
polymerase II promoter, and regulation of gene expression.
Consistent with our findings, gene expression regulation
at the post-transcriptional level has also been reported as
an ALS-related term [12, 23]. Terms apart from the most
enriched top three pathways (ubiquitin-dependent protein
catabolic process, intrinsic apoptotic signaling pathway,
skeletal muscle tissue development, and regulation of
cytoskeleton organization) have also been associated with
ALS in previous studies [24-27]. These GO terms are

mature miRNA probes

*miRNA profiling of skeletal muscle tissues of 10 patients with sALS and 5 controls with 2578 human

+1 downregulated + 9 upregulated miRNAs in patients
+ (miR-4429) + (miR-933, miR-191-3p, miR-4310, miR-4750-5p, miR-1825, miR-371b-5p, miR-638, miR-940, miR-572)

bioinfermatic

analysis

+ |dentification of the potential target genes of miRNAs by miRWalk 2.0
* Gene Ontology (GO) enrichment analysis of target genes of miRNAs

*9 miRNAs were associated with top three enriched ALS-related terms
* (miR-933, miR-191-3p, miR-4310, miR-4750-5p, miR-1825, miR-371b-5p, miR-638, miR-940, miR-4429)

N\
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* Sorting out ALS-related target genes
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microarray data
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Fig.4 Flowchart illustrating the pipeline for the identification of muscle-specific miRNA profile in SALS patients
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Fig.5 gRT-PCR validation of UB QLN2
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apparently not specific to ALS, and can also be related to
other neuromuscular diseases. This may promote the oppor-
tunity for the identification of novel and common therapeutic
options for many different neuromuscular diseases that are
associated with these terms.

Candidate miRNAs were selected for further verifica-
tion using qRT-PCR, and the expression levels of miR-
1825, miR-638, and miR-4429 were statistically significant
in SALS patients compared to controls. The discrepancy
between the miRNA microarray and qRT-PCR results might
be due to the difference in data normalization methods. Also,
different results can be obtained on different experimental
platforms, due to the technological differences [28]. These
three differentially expressed miRNAs have the potential
to target the 3'UTR of some of the ALS-related genes that
play an important role in the ubiquitin—proteasome system
(UPS), ribostasis, regulation of cytoskeleton, and vesicu-
lar trafficking [29]. Interestingly, miR-1825 and miR-4429
were found to be upregulated in half of our patients (ALS1-
ALSS), whereas miR-638 was downregulated in the other
half (ALS6-ALS10). However, we could not find difference
between the two groups in terms of age, sex, clinical fea-
tures, such as disease severity or progression, pathological
findings. Further, previous studies have shown that both
miR-1825 and miR-638 are involved in SALS. Contrary to
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our findings, the expression level of miR-1825, which causes
motor axon defects by targeting tubulin-folding cofactor b
(TBCB), was reduced in plasma and post-mortem skeletal
muscle tissue of SALS patients [14, 30]. In that study, the
mean age of the SALS patients whose post-mortem tissues
were used was 63.2+9.5. Consequently, different results in
our study could be because miRNA profiles of skeletal mus-
cle or serum may change with age, and distinct expression
patterns of miRNAs can be detected in different biological
samples [31-33]. Moreover, miRNAs can regulate different
cellular pathways by targeting different genes. Therefore, we
suggest that the upregulation of miR-1825 causes a defect
in proteostasis by targeting the Ubiquilin 2 (UBQLN?2) gene
from three sites in the 3’UTR. In our study, potential target
gene expression analysis revealed that there was statistically
significant downregulation of UBQLN2 (p =0.0366) in half
of the patients (ALS1-ALSS5), who showed increased miR-
1825 expression (data not shown). This result will allow
us to examine the validity of this target gene of miR-1825.
Interestingly, our study determined that miR-638 was
downregulated in skeletal muscle of SALS patients. Simi-
larly, miR-638 was shown to be downregulated in leukocytes
of sALS patients in one study [12], and in another study it
was significantly decreased in serum of patients with famil-
ial ALS and pre-symptomatic ALS mutation carriers [34].
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There is no prior study yet on a direct association between
SALS and miR-4429. Therefore, our study has revealed miR-
4429 as a promising candidate for further exploration. It
was previously associated with different medical conditions,
such as stroke and biliary atresia [35, 36]. According to the
miRNA-binding site analysis performed in the TargetScan
database, miR-4429 has the potential to target the fused in
sarcoma (FUS) gene, which encodes a DNA/RNA binding
protein that plays roles in various cellular processes, such
as transcription regulation, RNA splicing, and RNA trans-
port [37-40]. Therefore, FUS expression was analyzed in
our patient group and statistically significant downregula-
tion of FUS gene was observed in half of the sALS patients
(ALS1-ALSS) with increased miR-4429 expression. This
observation also supports the division of our patients into
two groups (as ALS1-ALSS and ALS6-ALS10) in gqRT-PCR
experiments.

As mentioned above, variations in qRT-PCR analy-
sis indicated that the skeletal muscle miRNA profile was
very heterogeneous among our patients and the results of
our study clustered patients into two groups. However,
we did not find a significant relationship between miRNA
expression profiles and age, sex or clinical/histopathologi-
cal findings of the patients, as well as array hybridization
levels. This could be explained by molecular heterogeneity
of sALS. Moreover, undefined mutations in SALS patients
may contribute to a heterogeneous miRNA profile. Simi-
lar results were also obtained in both miRNA and gene
expression profiling studies related to sALS. The miRNA
expression profiles are heterogeneous within patients and
they are generally divided into two groups [22, 24, 34]. Our
patient group seems heterogeneous but compared to other
studies reported in the literature the biopsies of our patients
were obtained from the same muscle. In addition, when we
examined similar studies in the literature, we found that the
patient age ranges, ALSFRS-R scores were wider and also
disease symptoms and duration were more heterogeneous
than our study. They also included both female and male
patients [13, 20, 22]. In addition, different miRNAs have
been found to be involved in disease pathogenesis in various
studies [12, 21, 22, 41]. Although few studies have investi-
gated their functions [14], identification of muscle-specific
miRNA profiles associated with SALS will shed light on the
etiopathogenesis of the disease.

Apart from differential miRNA expression, microarray
and qPCR results showed that RNU48, a small nucleolar
RNA, was upregulated in SALS patients. This upregulation
was also reported in a small RNA profiling of sALS patients.
This upregulation was also reported in a small RNA profil-
ing of patients with SALS [22]. The differential expression
of U48, which is used as a normalizer in many studies [42,
43], is also an indicator of perturbed RNA metabolism in
ALS pathogenesis.

Despite intensive research efforts, the molecular patho-
genic mechanism of ALS and the underlying causes of motor
neuron degeneration have not been fully elucidated yet. Vari-
ous pathogenic mechanisms, such as environmental factors,
oxidative stress, impaired axonal transport, aggregation
of ubiquitinated proteins, mitochondrial dysfunction, and
altered RNA metabolism, have been described as potential
contributors to neurodegeneration and ALS progression, but
none have proven to be causative [44-49]. In this descrip-
tive study, we identified a muscle-specific miRNA profile
associated with the etiopathogenesis of SALS. These three
miRNAs that were identified as potential candidates might
be the most important factors related to skeletal muscle dam-
age observed in the pathogenesis of SALS. Further explor-
ing the effect of these common miRNAs on disease-related
pathways will provide an opportunity for the identification
of novel therapeutic options. Our ongoing in vitro functional
analysis studies are being carried out with these miRNAs
to identify the most affected pathways and target genes of
these miRNAs.
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