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Abstract: The pathogenesis of amyotrophic lateral sclerosis (ALS), a lethal neurodegenerative disease,
remains undisclosed. Mutations in ALS related genes have been identified, albeit the majority of
cases are unmutated. Clinical pathology of ALS suggests a prion-like cell-to-cell diffusion of the
disease possibly mediated by exosomes, small endocytic vesicles involved in the propagation of RNA
molecules and proteins. In this pilot study, we focused on exosomal microRNAs (miRNAs), key
regulators of many signaling pathways. We analyzed serum-derived exosomes from ALS patients
in comparison with healthy donors. Exosomes were obtained by a commercial kit. Purification of
miRNAs was performed using spin column chromatography and RNA was reverse transcribed into
cDNA. All samples were run on the miRCURY LN A™ Universal RT miRNA PCR Serum/Plasma
Focus panel. An average of 29 miRNAs were detectable per sample. The supervised analysis did not
identify any statistically significant difference among the groups indicating that none of the miRNA
of our panel has a strong pathological role in ALS. However, selecting samples with the highest
miRNA content, six biological processes shared across miRNAs through the intersection of the GO
categories were identified. Our results, combined to those reported in the literature, indicated that
further investigation is needed to elucidate the role of exosome-derived miRNA in ALS.
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1. Introduction

MicroRNAs (miRNAs) are single-stranded non-coding RNAs involved in the regula-
tion of gene expression and in the control of many cellular and metabolic pathways, such
as cell migration, proliferation, and differentiation [1,2]. Previous gene expression analyses
have enlightened that a large amount of miRNAs within the central nervous system (CNS)
can cross the blood brain barrier and consequently be secreted in the cerebrospinal fluid
and peripheral blood [3]. Detectable and quantifiable changes of these miRNA levels
can act as a disease sentinel in patients and, therefore, may be suitable as disease-related
biomarkers [4]. These small RNAs are abundant in body fluids and may be transported
bounded to proteins or carried by vesicles [5,6]. Extracellular vesicles represent a peculiar
way for cell-to-cell communication. Among them, exosomes with a diameter of 30-100 nm,
are released from the cell by exocytosis through fusion of multivesicular bodies with the
plasmatic membrane [7] circulating in the extracellular space adjacent to the site where they
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are discharged [8]. Consequently, they can release their content in the surrounding environ-
ment, or they can fuse with their target cells nearby. However, some of them move toward
other anatomical districts through biological fluids and as a result they can be detected
in several biological fluid, including serum, saliva, urine, and cerebrospinal fluid [9,10].
The internal composition of exosomes depends on their cellular origin. Indeed, these vesi-
cles contain components specific of the host cell and behave as transmitters able to carry
their content, particularly a substantial amount of miRNAs, from one cell to another [11].
Moreover, miRNAs encapsulated in circulating vesicles are stable in serum and, therefore,
biologically active as gene expression modulators [12]. Different neural cell types release
exosomes into the extracellular space, including neurons and astrocytes [13]. Exosome
trafficking has been extensively characterized in tumor cells, but few data are available
for the CNS, and especially in amyotrophic lateral sclerosis (ALS). In addition to their
regulatory function, exosomes may be implicated in the local spread of neurodegenerative
diseases when they cross the blood-brain barrier [14]. Indeed, in Alzheimer’s disease, these
vesicles containing toxic proteins may lead to diffuse pathogenic amyloid deposition in the
brain [15]. In Parkinson’s disease, alpha-synuclein has also been detected in extracellular
vesicles whose level correlated with the severity of dementia. In ALS, mutant, as well as
wild-type misfolded SOD1 protein, has been shown to be released in extracellular environ-
ment in association with vesicles [16]. Moreover, transcribed repeated RNA accumulation
within RNA foci and its translation into toxic dipeptide repeat proteins (DPR) compromises
repeat RNA metabolism and may, thus, exacerbate C9orf72-FTD/ALS pathologies in a
vicious cycle [17]. To date, several studies reported distinct miRNA expression profiling in
the serum of ALS patients compared to healthy donors, albeit few data are available for
miRNA carried by circulating exosomes. ALS is an adult-onset disease characterized by the
degeneration of motor neurons and leading to death within 3 to 5 years following disease
onset [18]. In sporadic and several familiar ALS, the mislocalization of the transactive
response DNA/RNA binding protein of 43kDa (TDP-43) from the nucleus to the cytoplasm,
as well as the formation of cytoplasmic aggregates of this protein represent a pathological
hallmark [19]. However, no biomarkers reflecting the abnormal behavior of TDP-43 are
available for early diagnosis and prognosis of the disease. Therefore, there is an increased
need for useful markers in particular obtainable by a non-invasive manner such as by
venipucture. To date, changes in the levels of the TDP-43, neurofilament light chain (NEFL),
phosphorylated neurofilament heavy chain (pNEFH), and extracellular domain of the
common neurotrophin receptor p75 (p75ECD) proteins are considered the best candidates
as biomarkers of ALS [20]. Among miRNA biomarkers, an increase in miR-206 in the
plasma of ALS patients has been shown to be a diagnostic and prognostic biomarker
having a high correlation with Medical Research Council Score [21]. Two other possible
prognostic markers, whose level is increased in serum plasma and cerebrospinal fluid of
ALS patients are miR-9 [22-24], and miR-133b [25], as well as an increased association of
miR-124-3p with spinal motor neuron-derived exosomes in SOD1G93A mice, even at the
pre-symptomatic stage [26] albeit more studies are needed to confirm these data. Recently,
two studies [27,28] reported differential expression between ALS patients and healthy
controls of several miRNAs from plasma-derived neural-enriched extracellular vesicles,
even though different miRNA were identified in the two papers.

In this pilot study, we aimed at providing evidence on feasibility of this study de-
sign and process. The primary outcome was to preliminary assess sensitive and reliable
pathological biomarkers in the serum derived exosomes of ALS patients. To this aim,
exosomes were isolated from ALS patient and healthy donor peripheral blood samples,
and their miRNA content was evaluated using a real-time PCR instrument analysis. As
pilot studies are not formally powered [29], our analysis focused on descriptive statistics
and considerations on differential expression were not limited to statistically significant
results but also extended to encouraging trends. Feasibility was explored with regard
to process as recruitment rates, data collection, and experimental protocols (quality and
efficiency of exosome isolation, and RNA extraction).
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2. Materials and Methods
2.1. Participants and Samples

Peripheral blood samples (8 mL) were collected from 7 clinically diagnosed ALS
patients (4 sporadic (S) and 3 mutated (M) for TDP-43) and 3 genetically unrelated healthy
donors. Demographic and clinical features of the enrolled subjects are included in Table 1.
Written informed consent was obtained from all participants and the study was approved
by the ethical review board of IRCCS Istituto Auxologico Italiano in accordance with the
Declaration of Helsinki. After collection, blood samples were allowed 30 min at room
temperature for a clot to form and thereafter centrifuged at 4 °C for 15 min at 2000x g. Sera
were stored at —80 °C until exosome isolation.

Table 1. Summary of clinicopathological characteristics of patient cohorts.

Sporadic TDP-43 Mutated Healthy Donors

(n=4) (n=3) (n=3)

Age at inclusion, mean (SD) 53 (17.8) 51.7 (22.9) 52 (30)
Gender, % M 100 100 100
Duration of the disease (months), median [IQR] 16 [19.5] 14 [19.5] NA
Riluzole Yes Yes NA
Onset % bulbar/spinal 25/75 0/100 NA
Fast/Slow N N NA

N = No fast progression neither slow progression.

2.2. Exosome Isolation and Characterization

Exosomes were isolated using the miRCURY™ Exosome Isolation Kit-Serum and
plasma (Exiqon, Copenhagen, Denmark). Briefly, samples were thawed on ice and cen-
trifuged 5 min at 10,000 x g to remove cell debris. Supernatant was transferred in a new
vial and after addition of a precipitation buffer, samples were vortexed for some seconds to
mix and incubated overnight at 4 °C. To precipitate exosomes, samples were centrifuged
twice at 1500 x g and pellets resuspended in a resuspension buffer for RNA extraction.

The quality of the isolation process was then verified by electron microscopy and
western blot analysis. Freshly isolated exosomes were sent to the “Consorzio of Microscopy
and image analysis (MIA)” to visualize the presence of exosomes by electron microscopy.

With regard to western blot analysis, the isolated exosomes were lysed using ice-
cold Ripa buffer containing a cocktail of protease inhibitors (Sigma, St. Louis, MO, USA).
Protein concentrations were determined using Pierce BCA protein assay (Thermofisher,
Waltham, MA, USA). Ten ug of protein were loaded on a 4-12% sodium dodecyl sulfate
polyacrylamide gel (Biorad, Berkeley, CA, USA). Proteins were then transferred to a
nitrocellulose membrane. After blocking, the membrane was incubated with primary
antibody anti-CD63 at 1:500 in 5% non-fat dry milk/PBS-Tween overnight at 4 °C. The
secondary antibody was added at 1:10,000 (anti-mouse) Immunoreactive proteins were
detected using ClarityTM Western ECL Substrate (Biorad).

2.3. RNA Extraction

RNA was isolated using the miRCURY™ RNA Isolation Kit-Biofluids (Qiagen, Hilden,
Germany) following manufacturer’s instructions. An RNA spike-in mix, including UniSp2
and UniSp4 (Qiagen), was added to each sample before isolation to ultimately detect
differences in extraction efficiency. Moreover, 1 uL of Glycogen (Thermofisher), was
added as carrier-RNA. The first step of this protocol consists of the lysis of exosomes
membranes followed by precipitation of the proteins. RNA was then bounded to the resin
of a spin-column by adding isopropanol to the transferred supernatant. After removing
any remaining impurities using wash solutions, RNA was eluted with RNase free water.
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2.4. Real-Time PCR Panel Analysis of miRNAs

The samples were submitted to Qiagen Genome service, where miRNAs were profiled
by miRCURY LNATM Universal RT miRNA PCR Serum/Plasma Focus panel (Exiqon,
Cod EXESERAS031997).

All miRNAs were polyadenylated and reverse transcribed into cDNA in a single
reaction step.

The quality of the input RNA was checked by assessing the signal of two types of
RNA spike-ins, the RNA included during the isolation phase (UniSp2, UniSp4) (Exiqon),
and UniSp6 (Exiqon) that was added in the reverse transcription reaction. Finally, a DNA
spike-in UniSp3 (Exiqon) was present in all panels in order to assess a potential inhibition
at the qPCR level. As a negative control, a “no template” sample was included in the
RT step.

At the end of the qPCR reaction, raw Cp values and melting points detected by the
Lightcycler software (Roche, Basilea, Switzerland), were exported for the further analyses.
Reactions with several melting points, or with melting points that are not within assay
specifications, were removed from the dataset. Reactions with amplification efficiency
below 1.6 were also removed. Finally, reactions giving Cp values that are within 5 Cp
values of the negative controls reaction, were removed from the dataset.

2.5. Data Analysis and Statistics

Raw Cq values were normalized by geometric averaging of multiple internal controls
that were previously identified according to Normfinder algorithm [30]. A principal com-
ponent analysis (PCA) was performed on the normalized dCq values in order to reduce the
dimension of the dataset and thereby to provide insights on clustering and classification of
samples. Relative quantification (RQ) for qPCR were calculated according to the method of
2-AACq, For miRNA detected in at least three sample per group, the differential expression
analysis was evaluated using non-parametric Mann—-Whitney test, and false discovery rate
procedure was applied to adjust for multiplicity [31]. Four comparisons of differential
expression were performed: ALS patients versus controls, mutated versus controls, sporadic
versus controls, and mutated versus sporadic.

Finally, potentially relevant miRNAs were further analyzed for their biological value
using DIANA-miRPath v3.0 (http:/ /www.microrna.gr/miRPathv3, accessed on 20 March
2021), an online free software suite developed to assess miRNNA regulatory roles and to
identify the controlled pathways [32].

The demographic and clinical characteristics of participants were summarized using
descriptive statistics.

3. Results
3.1. Exosome Characterization

Electron microscopy showing vesicles approximately of 100 nm (Figure 1A) and
western blot analysis displaying a positivity for the CD63 antibody (Figure 1B) confirmed
the presence of exosomes in the pellet of the processed samples.

Extraction efficiency was similar for all samples, and both reverse transcription and
qPCR were successful (Figure 1C). The steady level, which is comparable to the blank
purification, also shows that none of the samples contained inhibitors. Finally, no RNA
contamination was detected (Figure 1D). To summarize, quality assessment monitoring
for negative control and RNA spike-ins, indicated good technical performance of the
profiling experiment. To evaluate the miRNA content of the samples, miR-103, miR-23a,
and miR-30c, that are known to be expressed in a majority of sample types at a steady
level were used. Expression of miR-451 and miR-142-3p was also evaluated, two miRNA
highly expressed in blood cells and in thrombocytes. Samples that yield stronger signals
than the average of the samples from this assay may contain a larger amount of blood or
contamination with thrombocytes (Figure 1E).
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Figure 1. Exosome characterization and miRNA quality control. (A) Presence of exosomes in our samples was confirmed by
electron microscopy (Arrow head) (scale bar 200nm) and (B) WB analysis. (C) The graph shows the sample quality control
using spike-ins (RNA isolation control: UniSp2, UniSp4, UniSp5; cDNA synthesis control: UniSp6). On X axis the analyzed
samples are reported (Controls: C1, C2, C3; Sporadic patients: 51, S2, S3, S4 and Mutated patients: M1, M2, M3) while Y axis
shows the raw Cps obtained for the control assay. (D) Bar diagram showing raw Cp values for the negative control sample.
Assays are reported on X axis while Cq levels are reported on Y axis. No signal was detected for the negative control. The
positive controls on the plates (DNA and RNA spike ins) yields detectable signals as expected (far right). (E) The graph
shows the average Cp levels for all the tested samples. On X axis the analyzed samples are reported while Y axis represent
the Cp levels of miRNAs known to be expressed in a majority of sample types at a steady level.
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3.2. Overview of miRNA Profile

The overall miRNA content and their average Cq levels for all the samples are shown
in Figure 2A. The miRNA content varied consistently, and five samples had very low call
rates (M2, M3, 51, S2, S3). Indeed, among the 179 human miRNAs screened, only one was
identified in all sample (miR-16-5p) and the mean number of assays detected per sample
was 29.
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Figure 2. Number of detected miRNAs and PCA. (A) Graphical illustration of the miRNA content.
The blue bars represent number of miRNAs detected in each sample and the red line shows the
average Cq value for the commonly expressed miRNAs. On X axis the analyzed samples are reported
(Controls: C1, C2, C3; Sporadic patients: S1, S2, S3, S4 and Mutated patients: M1, M2, M3). (B) PCA
plot. The principal component analysis is performed on all samples, and on the top 25 miRNAs with
highest standard deviation. The normalized (dCq) values have been used for the analysis. The largest
component in the variation is plotted along the X axis and the second largest is plotted on the Y axis.
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Nine miRNAs were identified for the normalization, six of which (has-miR-15a-5p,
451a, 21-5p, 16-5p, 223-3p, 142-3p) are known to be differentially regulated in ALS or in
other neurodegenerative diseases even though in biofluids or biological compartments
other than exosomes [33]. Geometric mean was consequentially calculated upon the
remaining three miRNAs, has-miR-144-3p, 19b-3p, and 185-5p and used to normalize the
raw Cq values. Then, a component analysis was performed on all samples and on the top 25
miRNAs with highest standard deviation: no clear clustering of groups or no outliers were
detected (Figure 2B). Consistent with these findings, the differential expression analysis
did not identify any statistically significant differences between groups. Therefore, we
performed an analysis in a reduced sample set with the highest miRNA content and with
patients and controls equally represented (54, M1, M3, C1, C2, and C3). Due to the loss in
statistical power, only ALS patients versus controls were compared and miRNA expression
differences were only evaluated for trend and no statistical tests were performed.

The expression profile of the 10 miRNAs that were detectable in every six samples is
indicated in Table 2.

Table 2. Expression profile of the 10 miRNAs detectable in every six samples selected in a second step based on their best quality.

miRname SD ALS pts SD Controls Average dCq ALS pts  Average dCq Controls ddCq RQ
hsa-miR-15a-5p 1.67 0.88 0.64 0.24 0.40 0.76
hsa-miR-451a 1.27 0.41 3.27 3.96 —0.69 1.61
hsa-miR-21-5p 1.11 0.99 0.51 —0.23 0.74 0.60
hsa-miR-16-5p 0.73 0.25 291 3.84 —0.92 1.90
hsa-miR-223-3p 1.35 0.70 —0.01 —0.15 0.14 0.91
hsa-miR-142-3p 1.03 0.20 1.43 —0.61 2.03 0.25
hsa-miR-126-3p 0.78 3.30 —0.87 —3.12 2.26 0.21
hsa-miR-19a-3p 0.69 0.58 -1.18 —0.54 —0.65 1.57
hsa-miR-20a-5p 0.53 0.19 -1.76 —0.51 -1.26 2.39
hsa-miR-27b-3p 1.00 0.99 —2.88 —4.44 1.56 0.34

RQ, relative quantity calculated as 2-84Cq. 5D, standard deviation.

3.3. Enrichment Analysis of Relevant miRNA

A pathway analysis was then performed on these restricted group of 10 relevant
miRNAs. Enrichment in GO categories enabled the identification of miRNA subclasses
or GO terms that characterize similar miRNAs. The intersection of the GO categories
identified 6 biological processes shared across miRNAs: neurotrophin TRK receptor signal-
ing pathway, response to stress, cellular protein modification process, Fc-epsilon receptor
signaling pathway, viral process, symbiosis, encompassing mutualism through parasitism
(Figure 3).
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Figure 3. The heatmap depicts the level of enrichment in GO categories of the 10 miRNA that were all detectable in the
subset of 6 samples when the intersection of the GO categories was considered.

4. Discussion

In this pilot study, we report an overview of the miRNA expression using a RT-qPCR
analysis on serum-derived exosomes of ALS patients and healthy donor controls. We
aimed to identify circulating markers for early diagnosis and therapeutic monitoring of
ALS from routine blood sampling. The majority of the literature regarding the investigation
of miRNA content in peripheral blood of ALS patients is carried out on whole body fluids
(serum/plasma, cerebrospinal fluid, urine) [20,34-36]. On the contrary, we decided to
investigate exosomal miRNA as these small vesicles possess a double-membrane structure
resistant to the ribonuclease making their content more stable and refractory to degradation.
In this pilot study, exosomes were obtained from peripheral blood samples of 7 patients and
3 healthy donors. As expected, due to the low sample size, no statistical differences were
observed in the expression of any miRNA from ALS patients compared to healthy donors.
Nevertheless, among the miRNA analyzed in our studies, some were previously reported to
be differentially expressed in several biofluids of ALS patients (Table 3) albeit these studies
were not performed on isolated exosomes. In two previous published studies [27,28], the
different miRNA content of exosomes between ALS patients and healthy controls was
similarly evaluated with minor procedural differences. Both laboratories used plasma as
starting material and selected a neuron enriched fraction of extracellular vesicles selectively
separated by mean of the L1 cell adhesion molecule antibody. Katsu et al. reported 13
up-regulated and 17 downregulated miRNAs in ALS compared to controls, while Banack
etal. found a total of 8 differentially expressed miRNAs of which 5 upregulated and 3 down
regulated with no overlapping of miRNA sequences detected. However, no adjustment
for multiple testing was carried out in both studies, consequently leading to an inflated
rate of false positive conclusions. In summary, the contrast with our results and divergence
between the two studies may be explained from both a biological and a computational
point of view that involves the variability of clinical samples, the different experimental
procedures of vesicles isolation, as well as the distinct chips used to quantify the miRNA
expression profile and the different normalization procedures.

Table 3. miRNA found to be differentially expressed in biofluids of ALS patients among the miRNA analyzed in our study.

miRname

Reference ALS Type Biofluid

Variation qPCR Validated
Reported Normalization  Target Genes

Tio0110m et al B o S - S - ) 3
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As the miRNA content was generally low for the samples, we decided to evaluate
miRNA expression differences for trend. In 6 selected samples, we found 10 miRNAs,
involved in several biological processes, of which 6 were shared across miRNAs. In
particular, 3 retrieved pathways are directly involved in the pathogenesis of ALS. The first
identified was the “neurotrophin TRK receptor signaling” pathway. Secreted neurotrophins
are powerful regulators of developing and adult nervous system [41] and play a role
on neuronal survival and viability [42]. In particular, opposite roles on motor neurons
(MNs) have been proposed for BDNF/TrkB [43]: potentiation of BDNF has been shown to
enhance MN survival in vitro [44] however other studies have reported negative effects
of BDNF/TrkB on MN survival making them more vulnerable to insults and enhancing
their death by glutamate excitotoxicity, via activation of TrkB [45,46]. A second important
pathway in the pathogenesis of ALS was identified, namely the “response to stress”. In
response to a variety of stresses, cells generate stress granules, sites of mRNA storage, in
order to promote cell survival. Recent studies have shown that some mutant proteins, such
as the TDP-43 in ALS may co-localize with stress granules and disturb the dynamics of their
assembly [47]. It has been hypothesized that excitotoxicity results in augmented protein
oxidation, loss of proteasome activity, and endoplasmic reticulum (ER) stress in neural
cells, thus contributing to MN death in ALS [48]. ER stress may also be driven by several
stimuli, such as ageing, mutations, and oxidative stress, thus, disturbing proteostasis and
inducing the misfolding and aggregation of proteins. In order to resolve ER stress, cells
activate adaptive response through unfolded protein response (UPR). However, prolonged
ER stress can induce apoptosis and neurogenerative diseases by affecting neurons and
synaptic function, [49]. The third pathway in which our miRNAs were involved was
“cellular protein modification process”. The accumulation of particular misfolded and
aggregated proteins (ALS related proteins: TDP-43, SOD1, FUS) play a crucial role in the
pathogenesis of the so called “protein misfolding disorder” ALS. Consequently, several
aspects of this disorder can be modulated by post-translational modifications (PTM).
Indeed, PTM can affect the protein homeostasis (turnover, aggregation, degradation).
For instance, PTMs can promote protein stabilization and accumulation inside the cell
enhancing its toxicity. On the other hand, PTMs can suppress protein toxicity by reducing
its stabilization or increasing clearance [50]. Interestingly, a fourth pathway, named the
viral process, may also be linked to ALS. Indeed, a possible contribution of viral infection
has been suspected to be responsible for the pathogenesis of ALS [51]. In addition, an
exosome-depended mechanism has been suggested to be involved in the transmission of
misfolded proteins [52] and eventually enteroviruses [53-56].

In conclusion, our investigation of miRNA content into circulating exosomes did
not revealed significant differences between ALS patients and healthy donors. However,
to test statistical hypotheses was not of main interest of our research. Indeed, from a
descriptive point of view and in line with the preliminary nature of a pilot study, the
miRNAs we highlighted in terms of highest content and RQ were involved in fundamental
ALS-related pathways suggesting possible connection between these specific miRNAs and
neurodegeneration. However, the few data available in the literature regarding exosome-
derived miRNA, as well as the discrepancies between the results of the different studies
suggest that further investigations and larger sample size are needed.

Author Contributions: All persons who meet authorship criteria are listed as authors; P.B. and L.C.
designed this study; EP. performed data analysis and statistics; A.D. provided the samples and the
clinical data; V.S. supervised the all study; P.B., EP, and D.B. wrote the manuscript; All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Ethics Committee at Istituto Auxologico Italiano, IRCCS
(protocol code SLA-ExoRNA and date of approval 04 February 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Biomolecules 2021, 11, 1220 10 of 12

Data Availability Statement: The data presented in this study are available on request from the
corresponding author and raw data will be archived in an Institutional Data Repository.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.  Tay, Y; Zhang, J.; Thomson, A.M.; Lim, B.; Rigoutsos, I. MicroRNAs to Nanog, Oct4 and Sox2 coding regions modulate embryonic
stem cell differentiation. Nature 2008, 455, 1124-1128. [CrossRef] [PubMed]

2. O’Brien, ].; Hayder, H.; Zayed, Y.; Peng, C. Overview of microRNA biogenesis, mechanisms of actions, and circulation. Front.
Endocrinol. 2018, 9, 402. [CrossRef] [PubMed]

3.  Stoicea, N.; Du, A,; Lakis, C.D.; Tipton, C.; Arias-Morales, C.E.; Bergese, S.D. The miRNA journey from theory to practice as a
CNS biomarker. Front. Genet. 2016, 7, 11. [CrossRef] [PubMed]

4. Kumar, S.; Reddy, PH. Are circulating microRNAs peripheral biomarkers for Alzheimer’s disease? Biochim. Biophys. Acta-Mol.
Basis Dis. 2016, 1862, 1617-1627. [CrossRef]

5. Xu,J.; Zhao, ].; Evan, G.; Xiao, C.; Cheng, Y.; Xiao, J. Circulating microRNAs: Novel biomarkers for cardiovascular diseases. J.
Mol. Med. 2012, 90, 865-875. [CrossRef]

6. Bryzgunova, O.; Konoshenko, M.; Zaporozhchenko, I.; Yakovlev, A.; Laktionov, P. Isolation of cell-free mirna from biological
fluids: Influencing factors and methods. Diagnostics 2021, 11, 865. [CrossRef]

7.  Heijnen, HEG,; Schiel, A.E.; Fijnheer, R.; Geuze, H].; Sixma, ].]. Activated platelets release two types of membrane vesicles:
Microvesicles by surface shedding and exosomes derived from exocytosis of multivesicular bodies and «-granules. Blood 1999.
[CrossRef]

8.  Théry, C.; Zitvogel, L.; Amigorena, S. Exosomes: Composition, biogenesis and function. Nat. Rev. Immunol. 2002, 2, 569-579.
[CrossRef]

9. Chung, LM.; Rajakumar, G.; Venkidasamy, B.; Subramanian, U.; Thiruvengadam, M. Exosomes: Current use and future
applications. Clin. Chim. Acta 2020, 500, 226-232. [CrossRef]

10. Gallo, A.; Tandon, M.; Alevizos, L; Illei, G.G. The majority of microRNAs detectable in serum and saliva is concentrated in
exosomes. PLoS ONE 2012, 7, e30679. [CrossRef]

11.  Valadi, H.; Ekstrom, K.; Bossios, A.; Sjostrand, M.; Lee, ].J.; Lotvall, J.O. Exosome-mediated transfer of mRNAs and microRNAs is
a novel mechanism of genetic exchange between cells. Nat. Cell Biol. 2007, 9, 654-659. [CrossRef] [PubMed]

12. Mori, M.A,; Ludwig, R.G.; Garcia-Martin, R.; Brandao, B.B.; Kahn, C.R. Extracellular miRNAs: From Biomarkers to Mediators of
Physiology and Disease. Cell Metab. 2019, 30, 656—673. [CrossRef]

13. Fauré, ].; Lachenal, G.; Court, M.; Hirrlinger, J.; Chatellard-Causse, C.; Blot, B.; Grange, J.; Schoehn, G.; Goldberg, Y.; Boyer, V.;
et al. Exosomes are released by cultured cortical neurones. Mol. Cell. Neurosci. 2006, 31, 642—648. [CrossRef] [PubMed]

14. Chen, C.C; Liu, L.; Ma, F; Wong, CW.; Guo, X.E.; Chacko, J.V.; Farhoodi, H.P; Zhang, S.X.; Zimak, J.; Ségaliny, A.; et al.
Elucidation of Exosome Migration Across the Blood—Brain Barrier Model In Vitro. Cell. Mol. Bioeng. 2016, 9, 509-529. [CrossRef]

15. Rajendran, L.; Honsho, M.; Zahn, T.R,; Keller, P.; Geiger, K.D.; Verkade, P.; Simons, K. Alzheimer’s disease 3-amyloid peptides
are released in association with exosomes. Proc. Natl. Acad. Sci. USA 2006, 103, 11172-11177. [CrossRef]

16. Silverman, ].M.; Fernando, S.M.; Grad, L.I; Hill, A.F; Turner, B.J.; Yerbury, J.J.; Cashman, N.R. Disease Mechanisms in ALS:
Misfolded SOD1 Transferred Through Exosome-Dependent and Exosome-Independent Pathways. Cell. Mol. Neurobiol. 2016, 36,
377-381. [CrossRef] [PubMed]

17. Kawabe, Y.; Mori, K.; Yamashita, T.; Gotoh, S.; Ikeda, M. The RNA exosome complex degrades expanded hexanucleotide repeat
RNA in C90rf72 FTLD/ALS. EMBO J. 2020, 39, €102700. [CrossRef] [PubMed]

18. Brown, RH.; Al-Chalabi, A. Amyotrophic lateral sclerosis. N. Engl. ]. Med. 2017, 377, 162-172. [CrossRef]

19. Neumann, M.; Sampathu, D.M.; Kwong, L.K.; Truax, A.C.; Micsenyi, M.C.; Chou, T.T,; Bruce, J.; Schuck, T.; Grossman, M.; Clark,
C.M,; et al. Ubiquitinated TDP-43 in frontotemporal lobar degeneration and amyotrophic lateral sclerosis. Science 2006, 314,
130-133. [CrossRef] [PubMed]

20. Hosaka, T.; Yamashita, T.; Tamaoka, A.; Kwak, S. Extracellular RNAs as biomarkers of sporadic amyotrophic lateral sclerosis and
other neurodegenerative diseases. Int. |. Mol. Sci. 2019, 20, 3148. [CrossRef]

21. De Andrade, HM.T.,; de Albuquerque, M.; Avansini, S.H.; Rocha, C.D.S.; Dogini, D.B.; Nucci, A.; Carvalho, B.; Lopes-Cendes, L;
Franca, M.C. MicroRNAs-424 and 206 are potential prognostic markers in spinal onset amyotrophic lateral sclerosis. J. Neurol. Sci.
2016, 368, 19-24. [CrossRef]

22.  Sheinerman, K.S.; Toledo, ].B.; Tsivinsky, V.G.; Irwin, D.; Grossman, M.; Weintraub, D.; Hurtig, H.I.; Chen-Plotkin, A.; Wolk,
D.A.; McCluskey, L.E; et al. Circulating brain-enriched microRNAs as novel biomarkers for detection and differentiation of
neurodegenerative diseases. Alzheimer’s Res. Ther. 2017, 9, 89. [CrossRef]

23.  Vrabec, K; Bostjanci¢, E.; Koritnik, B.; Leonardis, L.; Dolenc Grogelj, L.; Zidar, J.; Rogelj, B.; Glava¢, D.; Ravnik-Glavac¢, M.

Differential expression of several miRNAs and the host genes AATK and DNM2 in leukocytes of sporadic als patients. Front. Mol.
Neurosci. 2018, 11, 106. [CrossRef] [PubMed]


http://doi.org/10.1038/nature07299
http://www.ncbi.nlm.nih.gov/pubmed/18806776
http://doi.org/10.3389/fendo.2018.00402
http://www.ncbi.nlm.nih.gov/pubmed/30123182
http://doi.org/10.3389/fgene.2016.00011
http://www.ncbi.nlm.nih.gov/pubmed/26904099
http://doi.org/10.1016/j.bbadis.2016.06.001
http://doi.org/10.1007/s00109-011-0840-5
http://doi.org/10.3390/diagnostics11050865
http://doi.org/10.1182/blood.V94.11.3791
http://doi.org/10.1038/nri855
http://doi.org/10.1016/j.cca.2019.10.022
http://doi.org/10.1371/journal.pone.0030679
http://doi.org/10.1038/ncb1596
http://www.ncbi.nlm.nih.gov/pubmed/17486113
http://doi.org/10.1016/j.cmet.2019.07.011
http://doi.org/10.1016/j.mcn.2005.12.003
http://www.ncbi.nlm.nih.gov/pubmed/16446100
http://doi.org/10.1007/s12195-016-0458-3
http://doi.org/10.1073/pnas.0603838103
http://doi.org/10.1007/s10571-015-0294-3
http://www.ncbi.nlm.nih.gov/pubmed/26908139
http://doi.org/10.15252/embj.2019102700
http://www.ncbi.nlm.nih.gov/pubmed/32830871
http://doi.org/10.1056/NEJMra1603471
http://doi.org/10.1126/science.1134108
http://www.ncbi.nlm.nih.gov/pubmed/17023659
http://doi.org/10.3390/ijms20133148
http://doi.org/10.1016/j.jns.2016.06.046
http://doi.org/10.1186/s13195-017-0316-0
http://doi.org/10.3389/fnmol.2018.00106
http://www.ncbi.nlm.nih.gov/pubmed/29670510

Biomolecules 2021, 11, 1220 11 of 12

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Waller, R.; Wyles, M.; Heath, PR.; Kazoka, M.; Wollff, H.; Shaw, PJ.; Kirby, J. Small RNA sequencing of sporadic amyotrophic
lateral sclerosis cerebrospinal fluid reveals differentially expressed miRNAs related to neural and glial activity. Front. Neurosci.
2018, 11, 731. [CrossRef] [PubMed]

Raheja, R.; Regev, K.; Healy, B.C.; Mazzola, M.A.; Beynon, V.; Von Glehn, F;; Paul, A.; Diaz-Cruz, C.; Gholipour, T.; Glanz, B.L; et al.
Correlating serum micrornas and clinical parameters in amyotrophic lateral sclerosis. Muscle Nerve 2018, 58, 261-269. [CrossRef]
[PubMed]

Yelick, J.; Men, Y,; Jin, S.; Seo, S.; Espejo-Porras, F.; Yang, Y. Elevated exosomal secretion of miR-124-3p from spinal neurons
positively associates with disease severity in ALS. Exp. Neurol. 2020, 333, 113414. [CrossRef]

Katsu, M.; Hama, Y.; Utsumi, J.; Takashina, K.; Yasumatsu, H.; Mori, F.; Wakabayashi, K.; Shoji, M.; Sasaki, H. MicroRNA
expression profiles of neuron-derived extracellular vesicles in plasma from patients with amyotrophic lateral sclerosis. Neurosci.
Lett. 2019, 708, 134176. [CrossRef]

Banack, S.A.; Dunlop, R.A.; Cox, PA. An miRNA fingerprint using neural-enriched extracellular vesicles from blood plasma:
Towards a biomarker for amyotrophic lateral sclerosis/motor neuron disease. Open Biol. 2020, 10, 200116. [CrossRef] [PubMed]
Lee, E.C.; Whitehead, A.L.; Jacques, R.M.; Julious, S.A. The statistical interpretation of pilot trials: Should significance thresholds
be reconsidered? BMC Med. Res. Methodol. 2014, 14, 41. [CrossRef] [PubMed]

Vandesompele, J.; De Preter, K.; Pattyn, F.; Poppe, B.; Van Roy, N.; De Paepe, A.; Speleman, F. Accurate normalization of real-time
quantitative RT-PCR data by geometric averaging of multiple internal control genes. Genome Biol. 2002, 3, research0034.1.
[CrossRef] [PubMed]

Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to Multiple Testing. J. R.
Stat. Soc. Ser. B 1995, 57, 289-300. [CrossRef]

Vlachos, 1.S.; Zagganas, K.; Paraskevopoulou, M.D.; Georgakilas, G.; Karagkouni, D.; Vergoulis, T.; Dalamagas, T.; Hatzigeorgiou,
A.G. DIANA-miRPath v3.0: Deciphering microRNA function with experimental support. Nucleic Acids Res. 2015, 43, W460-W466
[CrossRef]

Joilin, G.; Leigh, PN.; Newbury, S.F.,; Hafezparast, M. An Overview of MicroRNAs as Biomarkers of ALS. Front. Neurol. 2019, 10,
186. [CrossRef]

Saucier, D.; Wajnberg, G.; Roy, J.; Beauregard, A.P.; Chacko, S.; Crapoulet, N.; Fournier, S.; Ghosh, A.; Lewis, S.M.; Marrero, A.;
et al. Identification of a circulating miRNA signature in extracellular vesicles collected from amyotrophic lateral sclerosis patients.
Brain Res. 2019, 1708, 100-108. [CrossRef] [PubMed]

Takahashi, I.; Hama, Y.; Matsushima, M.; Hirotani, M.; Kano, T.; Hohzen, H.; Yabe, I.; Utsumi, J.; Sasaki, H. Identification of
plasma microRNAs as a biomarker of sporadic Amyotrophic Lateral Sclerosis. Mol. Brain 2015, 8, 1-9. [CrossRef] [PubMed]
Robichaud, P.P,; Arseneault, M.; O’Connell, C.; Ouellette, R.J.; Morin, PJ. Circulating cell-free DNA as potential diagnostic tools
for amyotrophic lateral sclerosis. Neurosci. Lett. 2021, 750, 135813. [CrossRef]

Liguori, M.; Nuzziello, N.; Introna, A.; Consiglio, A.; Licciulli, F; D’Errico, E.; Scarafino, A.; Distaso, E.; Simone, I.L. Dysregulation
of MicroRNAs and Target Genes Networks in Peripheral Blood of Patients With Sporadic Amyotrophic Lateral Sclerosis. Front.
Mol. Neurosci. 2018, 11, 288. [CrossRef] [PubMed]

Taguchi, Y.H.; Wang, H. Exploring microRNA biomarker for amyotrophic lateral sclerosis. Int. J. Mol. Sci. 2018, 19, 1318.
[CrossRef] [PubMed]

Benigni, M.; Ricci, C.; Jones, A.R.; Giannini, F; Al-Chalabi, A.; Battistini, S. Identification of miRNAs as Potential Biomarkers in
Cerebrospinal Fluid from Amyotrophic Lateral Sclerosis Patients. Neuromol. Med. 2016, 18, 551-560. [CrossRef]

Matamala, ].M.; Arias-Carrasco, R.; Sanchez, C.; Uhrig, M.; Bargsted, L.; Matus, S.; Maracaja-Coutinho, V.; Abarzua, S.; van
Zundert, B.; Verdugo, R.; et al. Genome-wide circulating microRNA expression profiling reveals potential biomarkers for
amyotrophic lateral sclerosis. Neurobiol. Aging 2018, 64, 123-138. [CrossRef]

Huang, E.J.; Reichardt, L.F. Neurotrophins: Roles in neuronal development and function. Annu. Rev. Neurosci. 2001, 24, 677-736.
[CrossRef]

Alcantara, S.; Frisén, ].; Del Rio, J.A.; Soriano, E.; Barbacid, M.; Silos-Santiago, I. TrkB signaling is required for postnatal survival
of CNS neurons and protects hippocampal and motor neurons from axotomy-induced cell death. J. Neurosci. 1997, 17, 3623-3633.
[CrossRef]

Pradhan, J.; Noakes, P.G.; Bellingham, M.C. The Role of Altered BDNF/TrkB Signaling in Amyotrophic Lateral Sclerosis. Front.
Cell. Neurosci. 2019, 13, 368. [CrossRef] [PubMed]

Tsai, T.; Klausmeyer, A.; Conrad, R.; Gottschling, C.; Leo, M.; Faissner, A.; Wiese, S. 7,8-Dihydroxyflavone leads to survival of
cultured embryonic motoneurons by activating intracellular signaling pathways. Mol. Cell. Neurosci. 2013, 56, 18-28. [CrossRef]
Hu, P; Kalb, R.G. BDNF heightens the sensitivity of motor neurons to excitotoxic insults through activation of TrkB. J. Neurochem.
2003, 84, 1421-1430. [CrossRef] [PubMed]

Mojsilovic-Petrovic, J.; Jeong, G.B.; Crocker, A.; Arneja, A.; David, S.; Russell, D.; Kalb, R.G. Protecting motor neurons from toxic
insult by antagonism of adenosine A2a and Trk receptors. J. Neurosci. 2006, 26, 9250-9263. [CrossRef]

Aulas, A.; Vande Velde, C. Alterations in stress granule dynamics driven by TDP-43 and FUS: A link to pathological inclusions in
ALS? Front. Cell. Neurosci. 2015, 9, 423. [CrossRef]


http://doi.org/10.3389/fnins.2017.00731
http://www.ncbi.nlm.nih.gov/pubmed/29375285
http://doi.org/10.1002/mus.26106
http://www.ncbi.nlm.nih.gov/pubmed/29466830
http://doi.org/10.1016/j.expneurol.2020.113414
http://doi.org/10.1016/j.neulet.2019.03.048
http://doi.org/10.1098/rsob.200116
http://www.ncbi.nlm.nih.gov/pubmed/32574550
http://doi.org/10.1186/1471-2288-14-41
http://www.ncbi.nlm.nih.gov/pubmed/24650044
http://doi.org/10.1186/gb-2002-3-7-research0034
http://www.ncbi.nlm.nih.gov/pubmed/12184808
http://doi.org/10.1111/j.2517-6161.1995.tb02031.x
http://doi.org/10.1093/nar/gkv403
http://doi.org/10.3389/fneur.2019.00186
http://doi.org/10.1016/j.brainres.2018.12.016
http://www.ncbi.nlm.nih.gov/pubmed/30552897
http://doi.org/10.1186/s13041-015-0161-7
http://www.ncbi.nlm.nih.gov/pubmed/26497046
http://doi.org/10.1016/j.neulet.2021.135813
http://doi.org/10.3389/fnmol.2018.00288
http://www.ncbi.nlm.nih.gov/pubmed/30210287
http://doi.org/10.3390/ijms19051318
http://www.ncbi.nlm.nih.gov/pubmed/29710810
http://doi.org/10.1007/s12017-016-8396-8
http://doi.org/10.1016/j.neurobiolaging.2017.12.020
http://doi.org/10.1146/annurev.neuro.24.1.677
http://doi.org/10.1523/JNEUROSCI.17-10-03623.1997
http://doi.org/10.3389/fncel.2019.00368
http://www.ncbi.nlm.nih.gov/pubmed/31456666
http://doi.org/10.1016/j.mcn.2013.02.007
http://doi.org/10.1046/j.1471-4159.2003.01599.x
http://www.ncbi.nlm.nih.gov/pubmed/12614342
http://doi.org/10.1523/JNEUROSCI.1856-06.2006
http://doi.org/10.3389/fncel.2015.00423

Biomolecules 2021, 11, 1220 12 of 12

48.

49.

50.

51.

52.

53.

54.

55.

56.

Ilieva, E.V.; Ayala, V.; Jové, M.; Dalfé, E.; Cacabelos, D.; Povedano, M.; Bellmunt, M.].; Ferrer, I.; Pamplona, R.; Portero-Otin,
M. Oxidative and endoplasmic reticulum stress interplay in sporadic amyotrophic lateral sclerosis. Brain 2007, 130, 3111-3123.
[CrossRef]

Hetz, C.; Saxena, S. ER stress and the unfolded protein response in neurodegeneration. Nat. Rev. Neurol. 2017, 13, 477-491.
[CrossRef]

Sambataro, F.; Pennuto, M. Post-translational modifications and protein quality control in motor neuron and polyglutamine
diseases. Front. Mol. Neurosci. 2017, 10, 82. [CrossRef]

Xue, Y.C,; Feuer, R.; Cashman, N.; Luo, H. Enteroviral infection: The forgotten link to amyotrophic lateral sclerosis? Front. Mol.
Neurosci. 2018, 11, 63. [CrossRef] [PubMed]

Grad, L.I; Fernando, S.M.; Cashman, N.R. From molecule to molecule and cell to cell: Prion-like mechanisms in amyotrophic
lateral sclerosis. Neurobiol. Dis. 2015, 77, 257-265. [CrossRef]

Bird, S.W.; Maynard, N.D.; Covert, M.W.; Kirkegaard, K. Nonlytic viral spread enhanced by autophagy components. Proc. Natl.
Acad. Sci. USA. 2014, 111, 13081-13086. [CrossRef] [PubMed]

Robinson, S.M.; Tsueng, G.; Sin, J.; Mangale, V.; Rahawi, S.; McIntyre, L.L.; Williams, W.; Kha, N.; Cruz, C.; Hancock, B.M.; et al.
Coxsackievirus B Exits the Host Cell in Shed Microvesicles Displaying Autophagosomal Markers. PLoS Pathog. 2014, 10, e1004045.
[CrossRef]

Chen, Y.H.; Du, W.; Hagemeijer, M.C.; Takvorian, PM.; Pau, C.; Cali, A.; Brantner, C.A.; Stempinski, E.S.; Connelly, P.S.; Ma, H.C,;
et al. Phosphatidylserine vesicles enable efficient en bloc transmission of enteroviruses. Cell 2015, 160, 619-630. [CrossRef]

Too, LH.K,; Yeo, H.; Sessions, O.M.; Yan, B.; Libau, E.A.; Howe, ].L.C.; Lim, Z.Q.; Suku-Maran, S.; Ong, W.Y.; Chua, K.B.; et al.
Enterovirus 71 infection of motor neuron-like NSC-34 cells undergoes a non-lytic exit pathway. Sci. Rep. 2016, 6, 36983. [CrossRef]
[PubMed]


http://doi.org/10.1093/brain/awm190
http://doi.org/10.1038/nrneurol.2017.99
http://doi.org/10.3389/fnmol.2017.00082
http://doi.org/10.3389/fnmol.2018.00063
http://www.ncbi.nlm.nih.gov/pubmed/29593492
http://doi.org/10.1016/j.nbd.2015.02.009
http://doi.org/10.1073/pnas.1401437111
http://www.ncbi.nlm.nih.gov/pubmed/25157142
http://doi.org/10.1371/journal.ppat.1004045
http://doi.org/10.1016/j.cell.2015.01.032
http://doi.org/10.1038/srep36983
http://www.ncbi.nlm.nih.gov/pubmed/27849036

	Introduction 
	Materials and Methods 
	Participants and Samples 
	Exosome Isolation and Characterization 
	RNA Extraction 
	Real-Time PCR Panel Analysis of miRNAs 
	Data Analysis and Statistics 

	Results 
	Exosome Characterization 
	Overview of miRNA Profile 
	Enrichment Analysis of Relevant miRNA 

	Discussion 
	References

