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The occurrence of mutations of TDP-43, FUS, and C9ORF72 in amyotrophic lateral sclerosis (ALS) suggests
pathogenic alterations to RNA metabolism and specifically to microRNA (miRNA) biology. Moreover,
several ALS-related proteins impact stress granule dynamics affecting miRNA biogenesis and cellular
miRNA levels. miRNAs are present in different biological fluids and have been proposed as potential
biomarkers. Here we used next-generation sequencing to perform a comparative analysis of the
expression profile of circulating miRNAs in the serum of 2 mutant superoxide dismutase 1 transgenic
mice. Top hit candidates were then validated using quantitative real-time polymerase chain reaction,
confirming significant changes for 6 miRNAs. In addition, one of these miRNAs was also altered in mutant
TDP-43 mice. Then, we tested this set of miRNAs in the serum from sporadic ALS patients, observing a
significant deregulation of hsa-miR-142-3p and hsa-miR-1249-3p. A negative correlation between the
revised ALS functional rating scale and hsa-miR-142-3p levels was found. Bioinformatics analysis of the
regulatory network governed by hsa-miR-142-3p identified TDP-43 and C9orf72 as possible targets,
suggesting a connection with ALS pathogenesis. This study identifies miRNAs that are altered in ALS that
may serve as potentials biomarkers.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Amyotrophic lateral sclerosis (ALS) is a progressive fatal
neurodegenerative disease involving the degeneration of motor
neurons in the spinal cord, brainstem, and cerebral cortex (Kiernan
et al., 2011; Peters et al., 2015). The vast majority of ALS cases are
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considered sporadic (sALS) and only 5%e10% have a family history
(fALS) (Leblond et al., 2014). Despite the clinical heterogeneity,
median survival of ALS remains on 3 years, with 10% of the patients
surviving over 8 years (Al-Chalabi et al., 2016). Currently the diag-
nostic criteria mainly rely on the identification of concurrent upper
motor neuron and lower motor neuron dysfunctions, disease pro-
gression, and the exclusion of other pathologies (de Carvalho et al.,
2008; Turner et al., 2013a,b). However, the application of these
criteria excludes around 40% of recent onset ALS cases from
recruitment in clinical trials (Traynor et al., 2000). In addition,
several studies described an average of 14 months of delayed
diagnosis (Chiò, 1999; Nzwalo et al., 2014), increasing the risk of
losing a possible therapeutic window (Sreedharan and Brown,
2013; Turner et al., 2009). Thus, there is an urgent need to
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identify biomarkers to improve diagnosis, to monitor disease pro-
gression, and to develop effective disease-modifying treatments
(Lesko and Atkinson, 2001; Bowser et al., 2011; Turner et al., 2009).

Repeat expansion in the intronic region of C9ORF72 gene and
mutations in the gene encoding cytosolic superoxide dismutase 1
(SOD1) are the most frequent genetic causes of fALS, accounting for
around 70% of fALS cases, whereas mutations in TAR DNA-binding
protein (also known as TDP-43) and fused in sarcoma/translated
in liposarcoma (FUS/TLS) genes represent nearly 10% of the fALS
cases (Renton et al., 2014). Although the etiology of ALS remains
poorly understood, altered proteostasis (Hetz and Mollereau, 2014)
and mRNA metabolism (Sreedharan and Brown, 2013) are common
features of the disease process. For example, misfolded TDP-43 is
the main component of ubiquitin-positive inclusions in sALS and
fALS patients (Neumann et al., 2006). TDP-43 localizes predomi-
nantly to the nucleus, where it regulates several aspects of RNA
processing and metabolism (Janssens and Van Broeckhoven, 2013).
In ALS, TDP-43 is misplaced in the cytosol where it is hyper-
phosphorylated and forms insoluble ubiquitin-positive aggregates
(Neumann et al., 2006). TDP-43 was identified as part of nuclear
Drosha and cytoplasmic Dicer complexes, crucial ribonucleopro-
teins implicated in microRNA (miRNA) biogenesis (Buratti et al.,
2010; Polymenidou et al., 2011). Importantly, repeat expansions in
the intronic region of C9ORF72 are also associated with nucleocy-
toplasmic transport (Freibaum et al., 2015). Similarly, alteration in
other ALS-related genes has been linked to disturbances on RNA
metabolism (Paez-Colasante et al., 2015). Together, all this evidence
has led to the hypothesis of a pathogenic role of altered RNA
metabolism in ALS (Freischmidt et al., 2013; Sreedharan and Brown,
2013).

In addition to modified mRNA homeostasis, many ALS-related
genes have been reported to disrupt miRNA metabolism (Emde
et al., 2015; Kawahara and Mieda-Sato, 2012). miRNAs are small
noncoding RNAs (sncRNAs) with a key role in controlling gene
expression via RNA-dependent post-transcriptional silencing
mechanisms (Bartel, 2009). Importantly, miRNAs are regulated
under stress conditions, reflecting the activation of pathogenic
pathways. For example, mutant SOD1, C9ORF72, TDP-43, and FUS
impact stress granule dynamics, affect miRNAs biogenesis, and
therefore reduce cellular miRNA levels (Emde et al., 2015; Gal et al.,
2016; Medinas et al., 2017; Taylor et al., 2016). Studies in many
neurodegenerative diseases, including Alzheimer’s and Parkinson’s
diseases, have revealed a specific pattern of miRNA deregulation,
suggesting a direct involvement in the disease process (Abe and
Bonini, 2013; Shioya et al., 2010).

miRNAs can be detected not only in tissues but also in different
biological fluids including the serum and plasma showing high
stability (Arroyo et al., 2011). Monitoring the precise pattern or
fingerprint of circulating miRNAs has proven useful as potential
biomarkers of different diseases, due to their high specificity
(Freischmidt et al., 2015; Gilad et al., 2008; Schöler et al., 2010;
Turner et al., 2009, 2013a,b). In the context of ALS, miRNAs
exhibit an aberrant expression profile in central nervous system
(CNS) tissues from transgenicmousemodels and patients with sALS
and fALS (Campos-Melo et al., 2013; Koval et al., 2013). At mecha-
nistic level, studies in mutant SOD1 transgenic mice suggest a
functional contribution of miRNAs to disease progression (Gupta
et al., 2012; Koval et al., 2013; Parisi et al., 2016; Williams et al.,
2009; van Zundert and Brown, 2016). Altogether, these findings
support a pathogenic role of miRNA dysregulation in ALS, inde-
pendent of the etiology of the disease.

Various studies have shown a deregulation of peripheral miR-
NAs levels (serum and blood cells) in ALS patients (Benigni et al.,
2016; De Felice et al., 2012, 2014; Freischmidt et al., 2013, 2015;
Takahashi et al., 2015). However, there is a high discrepancy in
the identified miRNAs among studies, probably associated to the
variability of phenotypes among ALS patients, differences in sample
processing, quantification methods, and detection thresholds.
Although a single miRNA may not be sufficient to unambiguously
diagnose ALS, fingerprinting a cluster of miRNAs together with
clinical data would probably increase the reliability of a correct and
early diagnosis. Such a panel of ALS-specific miRNAs could serve as
a signature that mirrors disease progression and might help
monitoring the evolution of the disease and its modification with
therapeutic interventions in clinical trials (Turner and Talbot, 2013).

Here, we defined the global pattern of serum circulating miRNAs
derived from 2 genetically independent ALS mouse models during
late presymptomatic and symptomatic stages to identify trans-
versal and conserved biomarkers. Candidate miRNAs were then
monitored on a cohort of sALS patients identifying 2 potential
disease biomarkers. Remarkably, one of them, hsa-miR-142-3p, was
predicted to target the expression of TDP-43 and C9orf72. The po-
tential use of these miRNAs for complementing clinical diagnosis
and disease evolution is discussed.

2. Materials and methods

2.1. Transgenic mouse models

All animal experiments were performed in 3 ALS transgenic
mouse models: SOD1G86R, SOD1G93A, and TDP43A315T. For SOD1G86R

and SOD1G93A experiments, we defined 3 disease stages for our
biochemical analysis: (1) early presymptomatic stage, aged 60 days
(P60); (2) late presymptomatic stage, aged 90 days (P90); and (3)
symptomatic stage,which is defined as the timewhen signs ofmotor-
related problems and/or symptoms occurred. The mean age of the
appearance of disease signs defined in the models was 162.4 �
24.7 days and 139.6 � 11.8 days for SOD1G86R and SOD1G93A trans-
genic mice, respectively. The experiments in TDP43A315T transgenic
mice were performed only during the symptomatic stage of the dis-
ease (mean age of 71.1 � 9.5 days). Animals were maintained under
a 12:12-hour light/dark cycles with free access to food and water.

SOD1G86R transgenicmice express amouse transgene equivalent
to the human gene mutation Gly85Arg encoding a SOD1 enzyme
with low enzymatic activity (stock number Jackson’s laboratory
005110) (Matus et al., 2013). The advantage of this model is that the
endogenous SOD1 promoter drives the expression of the mutant
SOD1 gene with low overexpression levels. This model was ob-
tained from Jackson’s laboratory in a FVB background, but it was
moved to a C57BL/6 background.

SOD1G93A mice express the human SOD1 cDNA (Gurney et al.,
1994). This high copy number mutant SOD1 transgenic model has
a B6SJL mixed genetic background (stock number Jackson’s labo-
ratory 002726). These 2 SOD1 transgenic mice develop a disease
resembling ALS characterized by muscle atrophy and limb paralysis
at 4e5 months of age and early death.

TDP43A315T transgenic mice express a mutated version of
TDP-43 protein under the control of the mouse prion protein
promoter, developing a progressive and fatal neurodegenerative
disease (Wegorzewska et al., 2009). This model was originally
published with a C57BL/6 CBAemixed genetic background, but the
mouse colony used was obtained on a C57BL/6 genetic background
(stock number Jackson’s laboratory 010700) (Esmaeili et al., 2013;
Wegorzewska et al., 2009). To avoid intestinal problems, these
animals are fed with jellified food (Herdewyn et al., 2014).

For all the animals, the onset of symptomatic disease stage was
determined by a loss of 5% in total body weight and visual in-
spection of disease signs (Castillo et al., 2013; Nassif et al., 2014).
The researcher was not blind to the genotype of the mice included
in the experiments andmeasurements represent standard assays in
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the laboratory performed by several researchers. In brief, we
monitored and scored the appearance of abnormal limb clasping,
tremor felt in hind limbs, dirty appearance of the skin, backbone
arching, and paralysis. We assigned to each visual observation a
score 1 when the symptom appeared, 3 when it increased, or 5
when the phenotype was severe. As the backbone arching and
paralysis frequently appear as a result of a severe neuronal
dysfunction, the score for these symptoms started from 3 instead of
1. Using this score, disease onset was defined as the moment when
the value reached more than 10. The end stage of the disease was
determined as the time when an animal was not able to right itself
up within 30 seconds after being placed on its back. All animal
experiments were performed according to procedures approved by
the “Guide for the Care and Use of Laboratory Animals” published
by the U.S. National Institutes of Health (NIH Publication, 8th
Edition, 2011). The animal care and experimental protocols were
approved by the Bioethical Committee of the Faculty of Medicine,
University of Chile.

2.2. ALS patients

A total of 27 patients, 13 men and 14 women, were evaluated
with suspected diagnosis of ALS. Each patient was interviewed
according to a standardized clinical questionnaire and underwent a
neuromuscular clinical examination. Electrophysiological evalua-
tion (nerve conduction studies and needle electromyography) was
performed only in those patients who did not take the previously
mentioned test or for which the diagnosis was uncertain. Patients
with ALS were clinically staged using the revised ALS functional
rating (ALSFRS-R) scale (Cedarbaum et al., 1999), and muscle
strength was tested using the Medical Research Council rating scale
(Medical Research Council, 1976). The disease progression rate (PR)
was calculated for each patient (PR ¼ [48 � current ALSFRS-R
score]/disease duration in months at recruitment), allowing clas-
sification of the clinical progression into 3 stages: fast PR (PR: >1),
medium PR (PR: 0.5e1), and slow PR (PR: <0.5) (Kimura et al.,
2006).

With the goal to study circulating miRNAs as the serum
biomarker for ALS, we defined the following criteria: (a) inclusion
criteria: (1) patients aged over 18 years with definite or probable
ALS according to the Awaji criteria (de Carvalho et al., 2008); (2)
patients who are still able to give consent to participate voluntarily
in the study. (b) Exclusion criteria: (1) acute inflammatory or in-
fectious diseases defined by the presence of one or more of the
following criteria: fever (>37.5 �C) or hypothermia (<35 �C),
tachypnea (>20 breaths per minute), tachycardia (>90 beats per
minute), leukocytosis (>12,000 mm3) or leukopenia (<4000 mm3)
or left shift (immature neutrophil count in peripheral blood >10%),
and C-reactive protein >10 mg/dL; (2) history of chronic inflam-
matory or autoimmune disease; (3) impaired renal function,
defined by glomerular filtration rate <30 mL/min as calculated by
the Cockroft-Galt (GFR¼ [140� age]�weight/creatinine� 72); (4)
history of diabetesmellitus and/or fasting plasma glucose>125mg/
dL; (5) history of chronic liver damage or liver failure defined by
prothrombin time <60% and/or total bilirubin >3.0 mg/dL; (6)
oncologic pathology; and (7) patient with tracheostomy or users of
noninvasive mechanical ventilation.

All ALS patients and healthy controls underwent general blood
examinations to rule out significant systemic diseases, including
blood count, C-reactive protein, prothrombin time, partial
thromboplastin time, creatinine, plasma electrolytes, glucose, total
bilirubin, alanine transaminase, aspartate aminotransferase,
gamma-glutamyl transpeptidase, and serum creatine kinase (CK).

Of the 27 patients initially evaluated, 7 met exclusion criteria.
Therefore, 20 ALS patients were finally included in the study. We
also included 20 healthy controls, with age and sex exactlymatched
to the ALS patients, recruited from staff and relatives of patients
attending the Service of Neurology, Hospital del Salvador (Santiago,
Chile). Recruitment, screening, and enrollment of patients and
controls and all clinical studies were conducted at the Service of
Neurology, Hospital del Salvador. The study was approved by the
ethics committee of the Hospital del Salvador and University of
Chile. All patients and healthy controls provided written informed
consent before participation. All methods followed the provisions
of the Declaration of Helsinki and were carried out in accordance
with relevant guidelines and regulations (STROBE Statement).

2.3. Blood sample collection

Blood samples were taken from SOD1G86R and SOD1G93A trans-
genic mice and nontransgenic (Non-Tg) littermate control animals
during 3 disease-related stages: (1) early presymptomatic stage; (2)
late presymptomatic stage; and (3) during the symptomatic stage.
From the TDP43A315T transgenic mice, blood samples were obtained
only during the symptomatic stage of the disease. Mice were
anesthetized using 100/10 mg/kg ketamine/xylazine by intraperi-
toneal injection. Once anesthetized, the blood was collected by
intracardiac puncture by a percutaneous technique using a 25G
needle diameter. The whole blood was collected in HemogardTM
tubes (BD Vacutainer).

Blood samples were obtained from human patients and controls
by venous puncture. About 2 mL of blood samples were taken from
each ALS patient and healthy control. The whole blood was
collected in HemogardTM tubes (BD Vacutainer).

Separation of the serum, from murine and human blood sam-
ples, was carried out by centrifugation at 3000 � g for 10 minutes.
The supernatant was collected and centrifuged again at 2600 � g
for 10 minutes to remove cellular debris. Then, the supernatant
serum was stored at �80 �C and was not thawed until use.
Hemolytic serum was excluded from further analysis.

2.4. RNA extraction

For next-generation sequencing (NGS), RNA was extracted from
pooled serum samples from late presymptomatic (n ¼ 5 animals)
and symptomatic (n ¼ 5 animals) SOD1G86R and SOD1G93A trans-
genicmice and from their respective Non-Tg littermate control mice
(n ¼ 5 animals). For the quantitative reverse transcription
polymerase chain reaction (qRT-PCR) analysis, RNA was extracted
from individual serum samples, taken from the same mice selected
for the NGS study (Fig. 1). The same RNA extraction protocol was
carried out for serum samples collected from mice and humans. In
summary, total RNA was isolated from 400 mL of serum (from
pooled or individual serum samples) using Trizol LS reagent (Invi-
trogen, Carlsbad, CA) in combinationwith miRNeasy Serum/Plasma
Kit (Qiagen, Germany) as previously described (Zhong et al., 2008).
For normalization of sample-to-sample variation, a spiking in
control was used: 25 fmol of synthetic C. elegansmiRNA cel-miR-39
(Qiagen, Germany) was added to each sample during the extraction
protocol. RNA was dissolved in 12 mL of RNase-free water and then
stored at �80 �C until analysis. The total RNA concentration was
determined using RiboGreen RNA Quantitation Kit (Invitrogen).
RNA profile was determined using RNA 6000 Pico Kit by a 2100
Bioanalyzer (both Agilent Technologies).

2.5. cDNA library preparation and NGS

The samples were sequenced using an Illumina MiSeq platform.
The small RNA libraries were prepared with an Illumina TruSeq
Small RNA sample preparation kit according to the manufacturer’s



Fig. 1. Work flow of the experimental design. To identify novel miRNAs that are altered in ALS, we first performed NGS of different pools of serum samples derived from 2 SOD1
transgenic mouse models during late presymptomatic (P90) and a symptomatic disease stage and their respective littermate controls. Serum samples from SOD1G86R were pooled
(n ¼ 5 animals per pool; C57JL/6 background) and from SOD1G93A (n ¼ 5 animals per pool; B6SJL mixed background) transgenic mouse and nontransgenic littermate control animals
(n ¼ 5 animals per pool). Candidate miRNAs were validated by qRT-PCR of individual animals (n ¼ 5 per group) followed by the analysis of TDP-43 mutant transgenic mice. Then, the
selected miRNAs were further measured in serum samples from sALS patients. Abbreviations: ALS, amyotrophic lateral sclerosis; miRNA, microRNA; NGS, next-generation
sequencing.
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protocol. Briefly, starting from 6 ng of total RNA from each sample
(pooled serum samples), 30 and 50 adapters were sequentially
ligated to each end of the RNAmolecules (miRNAs and others small
RNAs), followed by a reverse transcription reaction to generate
single-stranded cDNA. The cDNA was then polymerase chain reac-
tion (PCR) amplified by 15 cycles with 2 primers annealing to the
ends of the adapters. The PCR product was selected by size using gel
purification and validated using a DNA 1000 chip on an Agilent
Technologies 2100 Bioanalyzer. The cDNA libraries were pooled at
equal concentrations and sequenced on an Illumina MiSeq
sequencer for 36 cycles of single-end sequencing.

2.6. Bioinformatics analysis of sequencing data

Sequencing reads were trimmed removing the 30 adapter
(TGGAATTCTCGGGTGCC AAGG) using Cutadapt v1.9 (Marcel, 2011).
All reads shorter than 18 nucleotides (after adapter cleaning) were
removed and high-quality (HQ) reads were selected using the NGS
QC Toolkit v2.3.3 (Patel and Jain, 2012). Reads were considered as
HQ reads, if 90% of the read had a quality Phred score of more than
30 on average. The adapter-cleaned HQ reads were mapped against
the mouse genome sequence (UCSC assembly version mm10) using
Bowtie (Langmead, 2010). In this step, the unique mapping filter
(option -m 1) was used and to guarantee the best alignment for
each read, the Bowtie options, “best” and “strata,”were applied. The
miRNAs were annotated using the genomic coordinates over-
lapping of each aligned read against the miRNA coordinates
retrieved from the miRBase v21 database (Kozomara and Griffiths-
Jones, 2014). Furthermore, to annotate a higher number of sncRNAs,
the coordinates for sncRNAs from NONCODE v4 (Xie et al., 2014)
and fRNAdb (Kin et al., 2007) databases were also used. Considering
only the reads that could be unequivocally identified as miRNAs,
hierarchical clustering was performed usingmean-normalized read
counts transformed to logarithmic scale and then visualized using
the R package gplots (R package version 2.16). To select differen-
tially expressed miRNAs, read counts were normalized by dividing
each read count by the total number of unique mapping reads in
each condition. The fold change (FC) was manually calculated
dividing the normalized expression values of the transgenic mouse
by the normalized expression values of the Non-Tg mouse (e.g.,
SOD1G86R/Non-Tg) for the late presymptomatic and symptomatic
stages. We regarded an FC of more than 2 fold as biologically
meaningful; however, a p-value could not be estimated due to
pooling of the serum samples. Thus, we set the FC threshold at 2.0
and selected a group of those miRNAs that we found as differen-
tially expressed in each stage for further validation by qRT-PCR in
mice and humans. Furthermore, given that our main goal is to
assess the usefulness of a translational approach based on ALS
transgenic mouse models, we performed an evolutionary conser-
vation analysis between the sequences of the deregulated miRNAs
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found in the NGS study using mouse models and the presence of
these candidates in the human genome. This information was used
to select the deregulated miRNAs for validation as possible
biomarkers in serum from ALS patients. Briefly, we performed a
conservational analysis by mapping deregulated murine miRNAs
against the human genome sequence (UCSC assembly version
hg19) and by genomic coordinates overlapping with the Transmap
EST data set (Rhead et al., 2010) allowing us to do synteny-filtered
pairwise genome alignments between human and mouse
sequences.

2.7. Circulating miRNA detection by quantitative RT-PCR

The TaqMan MicroRNA Reverse Transcription Kit and TaqMan
MicroRNA assays (both from Applied Biosystems, Foster City, CA)
were used for qRT-PCR of circulating miRNAs (Chen et al., 2005).
Briefly, 3 mL of total RNA was reverse transcribed into cDNA. Given
the low levels of total RNA detected in human samples, we used a
cDNA preamplification TaqMan kit before the PCR amplification (Le
Carré et al., 2014). RT-PCR reactions for each miRNA (20 mL reaction
volume) were performed in triplicate, and each 20-mL reaction
mixture included 0.16 mL of the RT product. Reactions were per-
formed using an Applied Biosystems StepOnePlus Real-Time PCR
system in 96-well plates at 95 �C for 10 minutes, followed by 50
cycles of 95 �C for 15 seconds, and 60 �C for 1 minute. miRNA levels
were normalized to those of the spiked in cel-miR-39, that served as
an internal control. Measurements were normalized using the for-
mula 2 � DCt, where DCt ¼ Ct(miRNA test) � Ct(cel-miR-39). For
calculating relative expression levels, the DDCt method was used.
All used primers were obtained from Life Technologies Company.

2.8. Prediction and enrichment analysis of the target genes of
miRNAs

We used the Ingenuity Pathway Analysis (IPA) software (In-
genuity Systems, Redwood City, CA, USA) to identify putative
miRNA target genes and explore downstream biological pathways.
Only circulating miRNAs that were found to be differentially
expressed (p < 0.05) in the serum of ALS patients compared to
healthy controls (hsa-miR-142-3p and hsa-miR-1249-3p) were
included in this analysis. Specifically, we used the miRNA Target
Filter tool, which links predicted and experimentally validated
mRNA targets to each miRNA from the databases or softwares
TarBase, miRecords, and TargetScan. Possible target genes of the
hsa-miR-142-3p, which were found to be associated to ALS, were
used to build an interaction network of miRNA and its target genes.
The identified target genes were used to recognize those genes that
were overrepresented (enriched) in certain canonical pathways
using IPA core analysis. The association between the predicted
mRNAs and the IPA canonical pathway was determined using 2
parameters: (1) p-value calculated using Fischer’s exact test
defining the probability that the association between the predicted
mRNAs and the canonical pathway is due by chance and (2) a ratio
of the number of predictedmRNAs thatmap to the pathway divided
by the total number of genes that map to the canonical pathway.

2.9. Statistical analyses

The data distribution was assessed using Shapiro-Wilk test. For
the comparison of categorical variables between ALS patients and
healthy controls (such as sex and cardiovascular risk factors), the
analysis was performed using Fisher’s exact test. For comparison of
continuous variables, specifically miRNA expression levels, be-
tween ALS transgenic and Non-Tg mice or ALS patients and healthy
controls, we used unpaired Student’s t-test. The comparison of
miRNAs expression levels between early presymptomatic, late
presymptomatic, and symptomatic stages was performed using
analysis of variance with Bonferroni post hoc analysis. Correlation
analysis between miRNA expression levels and clinical and
biochemical parameters from ALS patients was performed using
Pearson correlation coefficient. Receiver operating characteristic
(ROC) curves and the area under the curve (AUC) were calculated to
assess the ability of each miRNA to differentiate between ALS
patients and healthy controls. To explore the diagnostic accuracy of
the combination of multiple serum miRNAs (hsa-miR-142-3p plus
hsa-miR-1249-3p), a combined ROC curve was performed by
multiple logistic regression analysis. An AUC of 0.5 indicates clas-
sifications assigned by chance. Differences were considered statis-
tically significant at a value of p < 0.05. All statistical analyses were
performed using programs GraphPad 5.0 (GraphPad Software Inc.,
CA, USA) and Stata 12.0 (College Station, TX. StataCorp LP).

3. Results

3.1. Genome-wide expression profiling using NGS of miRNAs in
serum from 2 SOD1 transgenic mouse models

Based on the heterogeneity of previously identified miRNAs in
ALS models and patients, we developed a strategy to uncover
common miRNAs that are altered in 2 transgenic mouse models
independently of the specific genetic mutation studied and the
genetic background. This screening was followed by validation in a
different ALS mouse model in addition to blood samples derived
from sALS patients (see work flow of the study in Fig. 1). To this end,
we analyzed the global expression profile of circulating miRNAs in
the serum from 2 SOD1 transgenic mouse models using NGS of
sncRNAs isolated from pooled serum samples at 2 different disease
stages, late presymptomatic (n ¼ 5 animals) and symptomatic
(n ¼ 5 animals). During the discovery phase, pooling strategy was
used to assess global serum miRNA profiles rather than having
specific data for single mouse. We studied 2 independent ALS
mouse models with different genetic backgrounds corresponding
to SOD1G86R (mouse gene corresponding to G85R humanmutation)
and SOD1G93A (transgenic mice that overexpress the human
transgene), and their respective Non-Tg littermate control animals
(n ¼ 5 animals). All symptomatic animals showed significant
weight loss and clinical signs of lower motor neuron dysfunction
(Fig. 2A and B) as previously described (Matus et al., 2013;
Wegorzewska et al., 2009). A total of 48,220,190 reads were
generated from 8 cDNA libraries using a MiSeq sequencer (Illu-
mina). The number of reads per samples ranged from 5,250,124 to
7,116,783 (Supplementary Table S1). After selecting HQ reads, se-
quences were mapped to the reference genome allowing us to align
3.0% of the reads on average (minimum 2.0% and maximum 5.7%).
For most of our samples, the length distribution of the unique
mapped reads was as expected for miRNA studies, with a peak at
22 nt, corresponding to the expected miRNA size (Bellingham et al.,
2012; Shao et al., 2010) (Fig. 2C and D). The number of mature
miRNAs per sample ranged from 321 to 454. In addition, we iden-
tified other classes of sncRNAs, including piwiRNAs and snoRNAs
(Fig. 2E and F). Interestingly, we found some sncRNAs sharing
multiple RNA class annotation, which could be explained by
bifunctional RNAs (Ender et al., 2008), differences in the database
annotations (Jalali et al., 2016), and sncRNAs transcribed from
opposite strands (Jacquier, 2009). Moreover, 77% of all the mapped
sncRNAs were not recognized as a specific subclass of sncRNAs,
which probably represent other less characterized sncRNA classes
such as tRNAs, siRNAs, and YRNAs, among others (Dhahbi et al.,
2013; Lee et al., 2009). Specifically, recent reports showed that
tRNA-derived fragments called 50 tRNA halves are abundantly



Fig. 2. Global analysis of circulating miRNAs in mutant SOD1 transgenic mice using NGS. (A) Body weight changes in SOD1G86R and SOD1G93A transgenic mice at late presymp-
tomatic and symptomatic stages are shown compared to non-transgenic littermate control animals. Data are represented as mean and standard error. (B) ALS features in symp-
tomatic SOD1G86R and SOD1G93A transgenic mice, specifically backbone arching and leg paresis (arrows). (C and D) Length distribution of uniquely mapped reads from NGS data
obtained from SOD1G86R and SOD1G93A transgenic mice. (E and F) Total number of identified sncRNAs in SOD1G86R (E) and SOD1G93A (F) transgenic mice, including late pre-
symptomatic and symptomatic stages. Subgroups of the sncRNAs, namely miRNAs, snoRNAs, piRNAs, and an unclassified subgroup (¼ unknown) are presented. Statistical analyses
were performed using Student’s t test. p-values: n.s., nonsignificant; * p � 0.05; ** p � 0.01. Abbreviations: ALS, amyotrophic lateral sclerosis; miRNA, microRNA; NGS, next-
generation sequencing; Non-Tg, non-transgenic; sncRNAs, small noncoding RNAs.
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expressed in the mouse serum, consuming most of the sequencing
reads (Van Goethem et al., 2016; Victoria et al., 2015). Finally,
independently of the SOD1 mutation, disease stage or genetic
background, mmu-miR-22-3p and mmu-miR-10-5p were the most
abundant miRNAs detected in serum samples, with the number of
unique mapped reads ranging from 8318 to 32,905 across all
samples for mmu-miR-22-3p and 5076 to 16,917 across all samples
for mmu-miR-10-5p (Supplementary Fig. S1).

3.2. Identification of differentially expressed miRNAs in serum from
SOD1 transgenic mice

To determine differentially expressed miRNAs in experimental
ALS, we compared the global profiles of circulating miRNAs in the
serum of mutant SOD1 transgenic mice and Non-Tg controls
derived from late presymptomatic and symptomatic stages. The
overall levels of circulating miRNAs considerably differed between
mutant SOD1 and Non-Tg mice (Fig. 3A and B). Interestingly, the 2
mutant SOD1 transgenic mouse models analyzed here presented
lower levels of circulating miRNAs at the late presymptomatic stage
than Non-Tg mice, whereas an opposite distribution was observed
in the symptomatic stage.

From the 471 miRNAs detected in the NGS analysis in the
SOD1G86R transgenicmousemodel, only 4miRNAswere found to be
differentially expressed at late presymptomatic stages, 2 of which
were upregulated and 2 were downregulated in the serum from
ALS mice compared to Non-Tg mice. In sharp contrast, 60 miRNAs
were altered in the serum at the symptomatic stage, comprising 46
upregulated and 14 downregulated miRNAs from mutant SOD1
mice compared with Non-Tg animals. In the case of SOD1G93A



Fig. 3. Expression profile of circulating miRNAs in mutant SOD1 transgenic mice. (A and B) miRNAs were clustered using the means of normalized read counts for SOD1G86R,
SOD1G93R transgenic and Non-Tg mice. Heat maps are presented in logarithmic scale (log2 fold change). The rows of the heat map represent miRNAs, while the columns represent
SOD1G86R, SOD1G93R transgenic and Non-Tg littermate controls. Heat maps were created using Heatmap.2 function from ggplot R package. Abbreviations: miRNA, microRNA; Non-
Tg, non-transgenic.

Table 1
Selected circulating miRNAs from next-generation sequencing study

MicroRNAs Fold change

SOD1G86R Tg model
Late presymptomatic stage
mmu-miR-215-5p �2.3
mmu-miR-375-3p �2.3a

Symptomatic stage
mmu-miR-142-3p 8.7a

mmu-let-7i-5p 4.2
mmu-miR-301a-3p 3.9
mmu-let-7f-5p 3.5
mmu-miR-205-5p �4.7a
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transgenic mice, 405 miRNAs were detected in the NGS analysis, of
which 26 miRNAs were affected in late presymptomatic SOD1G93A

animals (22 upregulated and 4 downregulated in SOD1G93A mice),
and 18 miRNAs were deregulated at the symptomatic stage (14
upregulated and 4 downregulated). Regarding the conservation
analysis performed to all deregulated miRNAs (108 miRNAs), 89.8%
of the mouse miRNAs presented conservation in humans
(Supplementary Table S2).

Then, we determined the overlap between differentially
expressed miRNAs in SOD1G86R and SOD1G93A models to identify
miRNAs that are altered independently of the specific SOD1 mu-
tation expressed. Surprisingly, only 2 miRNAs (mmu-miR-582-3p
and mmu-miR-204-5p) were shared between our 2 experimental
models of ALS in the late presymptomatic stage. Both miRNAs were
upregulated in SOD1G86R animals and downregulated in the
SOD1G93A model, respectively. At the symptomatic stage 2, miRNAs
(mmu-miR-205-5p and mmu-miR-144-3p) were also shared be-
tween the 2 SOD1 mouse models analyzed, where mmu-miR-205-
5p was downregulated in SOD1G86R mice and upregulated in
SOD1G93A animals, while mmu-miR-144-3p was upregulated in
both models. These findings suggest substantial global differences
in the expression profiles of circulating miRNAs between SOD1G86R

and SOD1G93A transgenic mouse models.
In summary, these results indicate a peripheral deregulation of

circulating miRNAs in 2 ALS transgenic mouse models during late
presymptomatic and symptomatic stages, with minimal overlap
between SOD1G86R and SOD1G93A transgenic animals.
SOD1G93A Tg model
Late presymptomatic stage
mmu-miR-204-5p �2.1a

mmu-miR-205-5p �2.2
Symptomatic stage
mmu-miR-144-3p 3.3
mmu-miR-183-5p 3.0a

mmu-miR-205-5p 3.0
mmu-miR-1249-3p 2.1a

a These circulating miRNAs were validated by qRT-PCR.
3.3. miRNAs in serum derived from mutant SOD1 mice

To select circulating miRNAs for further validation as ALS bio-
markers, our validation strategy involved the quantification of
relative miRNA levels of selected candidates by qRT-PCR of indi-
vidual animals, monitoring an additional time point, and the
further analysis of a different ALS model based on mutant TDP-43
overexpression. From the 108 differentially expressed miRNAs in
the NGS analysis (Supplementary Table S2), we selected candidates
according the following criteria: (1) high read counts, (2) high FC,
and (3) conservation in humans. Applying these criteria, 7 miRNAs
selected from SOD1G86R transgenic mice and 6 miRNAs selected
from SOD1G93A transgenic mice were considered as candidate
miRNA biomarkers and were further validated by qRT-PCR
(Table 1). With this objective, we quantified the selected miRNAs
in individual serum samples from 5 animals per group derived from
SOD1G86R and SOD1G93A transgenic animals. The miRNAs selected
were only validated in the mouse model where they were
described; no cross-validation between SOD1 models was per-
formed. Only 1 of the 13 selected miRNA candidates (mmu-miR-
144-3p) did not amplify by qRT-PCR.



Fig. 4. Validation of selected circulating miRNAs in individual mutant SOD1 mice. Expression levels of selected circulating miRNAs in serum derived from SOD1G86R (blue bars) or
SOD1G93A (red bars) mice; late presymptomatic stage (A) and symptomatic stage (B) were analyzed by real-time PCR and normalized to cel-miR-39 (n ¼ 5 per group). Statistical
analyses were performed using Student’s t test. Mean and standard error is presented. p values: n.s., nonsignificant; * p � 0.05; ** p � 0.01. Abbreviations: miRNA, microRNA; PCR,
polymerase chain reaction. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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According to our validation, 3 of 7 miRNAs were confirmed to be
significantly altered in SOD1G86R transgenic mice (Fig. 4). Specifically,
mmu-miR-142-3p was upregulated and mmu-miR-205-5p was
downregulated at the symptomatic stage in transgenic mice
compared to controls, whereas mmu-miR-375-3p was down-
regulated during the late presymptomatic stage in transgenic mice.
In the case of the SOD1G93A model, our validation experiments
indicated that 3 of 6 miRNAs were altered (Fig. 4), showing upre-
gulation of mmu-miR-183-5p and mmu-miR-1249-3p in symptom-
atic animals, whereas mmu-miR-204-5p was downregulated at the
late presymptomatic stage. Importantly, we found a significant
positive correlation (r ¼ 0.701; p ¼ 0.01) between the expression
values (FC) of the measured candidate miRNAs using NGS and the
relative expression levels quantified using qRT-PCR (Supplementary
Fig. S2).

To further determine the changes across the progression of the
diseases in these 2 experimental models of ALS, we then measured
the levels of the 6 validated miRNAs at an additional time point
that was considered as an early presymptomatic stage and during
late presymptomatic and symptomatic stages for those miRNAs
not validated during the other stages (Fig. 5). From the 3 miRNAs
validated in the SOD1G86R model, the comparison between time
points showed that mmu-miR-142-3p was specifically upregulated
in the symptomatic stage, in contrast to mmu-miR-205-5p, which
was downregulated in the same stage. For mmu-miR-375-3p,
although the differential expression was not statistically signifi-
cant between stages, its expression level was lower at late pre-
symptomatic stages. From the 3 miRNAs validated in the SOD1G93A

model, mmu-miR-183-5p and mmu-miR-1249-3p showed signif-
icant upregulation particularly in the symptomatic stage compared
with early and late presymptomatic animals. mmu-miR-204-5p
did not reach significant differences between the time points
analyzed.

Finally, to increase the translational potential of our findings, we
analyzed a different ALS transgenic model based on the expression
of mutant TDP43A315T that is predicted to trigger neuro-
degeneration through an alternative molecular mechanism
compared with mutant SOD1mice (Wegorzewska et al., 2009). This
mouse model develops progressive body weight loss, neuronal
dysfunction, and motor problems accompanied by histological
alteration in the frontal brain cortex; however, it does not develop
evident paralysis (Wegorzewska et al., 2009). The analysis of the 6
validated miRNAs in SOD1 models using serum samples from
symptomatic TDP43A315T animals indicated that only mmu-miR-
204-5p was significantly differentially expressed, showing down-
regulation in TDP43A315T transgenic animals (Fig. 6). Overall, these



Fig. 5. Expression changes of validated circulating miRNAs during disease progression. Expression levels of validated circulating miRNAs in the serum of (A) SOD1G86R or (B)
SOD1G93A mice during disease progression (early presymptomatic, late presymptomatic, and symptomatic stages) (n ¼ 5 per group). Statistical analysis was performed using
one-way ANOVA and Bonferroni correction for multiple testing. Data are presented as mean values and standard errors. p-values: n.s., nonsignificant; * p � 0.05; ** p � 0.01.
Abbreviations: ANOVA, analysis of variance; FC, fold change of expression; miRNA, microRNA.
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results suggest that individual miRNAs are significantly altered in
various models of ALS, showing distinct expression patterns during
the evolution of the disease.

3.4. Analysis of selected miRNAs in serum derived from sporadic ALS
patients

After performing a comparative analysis of miRNA expression in
3 different ALS mouse models, we moved forward into evaluating
possible changes in the 6 validated mouse miRNAs on serum
samples derived from sALS cases. We enrolled 20 sALS patients and
20 healthy control subjects. The average age of sALS patients
included in our study was 55 � 10.6 years (range: 38e78 years), of
which 9 were males and 11 females (Table 2). All patients were
diagnosed with sALS and none of them had history or clinical ex-
amination suggestive of frontotemporal dementia. None of the sALS
cases were receiving riluzole at recruitment. At the time of
assessment, the mean disease duration time from symptom onset
was 28.2 � 15.1 months (range: 8e67 months) (Table 2). Bulbar-
onset disease was evident in 20% of patients, while limb-onset
disease accounted for 80% of patients with ALS. The median
ALSFRS-R score was 30 (interquartile range: 16; range: 15e43) and
the median Medical Research Council scale for testing muscle
strength score was 44 (interquartile range: 18; range: 16e60). The
clinical and hematological/biochemical test of ALS patients and
control subjects are summarized in Supplementary Table S3.

We analyzed 6 miRNAs previously selected from our studies in
ALS mouse models using qRT-PCR. Remarkably, altered levels of
hsa-miR-142-3p and hsa-miR-1249-3p were observed in the serum
from ALS patients compared to control subjects. Specifically, we
found an upregulation of miR-142-3p and the downregulation of
hsa-miR-1249-3p in patients with ALS compared to controls
(Fig. 7A). Interestingly, miR-142-3p was also increased in SOD1G86R

mice, which is in agreement with our findings in ALS patients. In
contrast, although miR-1249-3p was also induced in the SOD1G93A

transgenic mice, its levels were reduced in ALS patients. These re-
sults may suggest differences in the mechanisms involved in the
circulating miRNA deregulation between mouse models and pa-
tients with ALS. Finally, no changes were observed in the expression
levels of the other 4 miRNAs selected from mouse models when
tested in ALS cases, including hsa-miR-204-5p, which was the only
candidate altered in both SOD1G93A and TDP43A315T transgenic
mice.

In summary, our findings support the identification of 2 new
miRNAs that are deregulated in serum samples derived from
mutant SOD1 mice and sALS patients.

3.5. Clinical correlations and ROC analysis for differentially
expressed miRNAs in ALS patients

After validating the differential expression of miRNAs in human
samples, we examined the correlation between the levels of the 2
identified miRNAs and clinical parameters. The expression levels of
hsa-miR-142-3p, but not of hsa-miR-1249-3p, showed a significant
negative correlationwith ALSFRS-R (r¼�0.453, p¼ 0.041) (Fig. 7B).
Also, the expression levels of hsa-miR-142-3p and hsa-miR-1249-3p
negatively correlatewith serumCK levels, a peripheral bloodmarker
of muscle damage (Supplementary Figs. S3 and S4). Other correla-
tions tested using different disease parameters did not give positive
outcomes (Supplementary Figs. S3 and S4). These results suggest



Fig. 6. Validation of circulating miRNAs in the serum of mutant TDP43 transgenic mice. (A) Disease features of symptomatic TDP43A315T transgenic mice (backbone arching, muscle
wasting, and paralysis). (B) Body weight changes in symptomatic TDP43A315T transgenic mice. (C) Expression levels of indicated circulating miRNAs were quantified in serum
samples obtained from symptomatic TDP43A315T transgenic and non-transgenic littermate control animals (n ¼ 6 per group) using real-time PCR. miRNA levels were normalized to
cel-miR-39. Statistical analysis was performed using Student’s t test. Mean and standard error is presented. p-values: n.s., nonsignificant; * p � 0.05. Abbreviations: miRNA,
microRNA; PCR, polymerase chain reaction.
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that hsa-miR-142-3p could be a possible biomarker of disease pro-
gression, which is unlikely to be released secondary to muscle
destruction, given its negative correlation with CK levels.

In addition, ROC curves were separately obtained for each
miRNA, and 1 ROC curvewas established for the combination of the
2 validated miRNAs. The AUC for hsa-miR-142-3p was 0.713
(SE ¼ 0.085) and for hsa-miR-1249-3p was 0.753 (SE ¼ 0.083)
(Fig. 7C). Furthermore, the AUC for the combination of the 2 miR-
NAs was 0.758, being similar to the AUC of each miRNA separately
(Supplementary Fig. S5). Taken together, these results indicate that
the identified miRNAs, alone or in combination, can discriminate
between ALS patients and control subjects.

3.6. Target prediction of differentially expressed miRNAs and
enrichment of canonical pathways in ALS patients

To predict possible target genes of hsa-miR-142-3p and hsa-
miR-1249-3p, we took advantage of the miRNA Target Filter tool
(IPA, Ingenuity). There were 554 possible target genes that are
predicted to be regulated by hsa-miR-142-3p and 284 target genes
predicted to be regulated by hsa-miR-1249-3p. Canonical pathway
and functional network analysis of predicted targeted genes by hsa-
miR-142-3p and hsa-miR-1249-3p were analyzed with IPA
(Supplementary Table S4). From the 10 most significantly affected
canonical pathways, we highlight the ones that may be directly
involved in ALS pathogenesis: B cell receptor signaling, axonal
guidance pathways, ephrin B signaling, and control of actin cyto-
skeleton (Table 3).

From the total target genes predicted to be regulated by hsa-
miR-142-3p, 10 genes are associated with ALS, generating a sig-
nificant enrichment of the IPA “ALS signaling” canonical pathway
among the top 30 hits (�log [p-value] ¼ 2.33E00 and ratio ¼
7.48E�02). These hits include (1) genes associated to mitochondrial
dysfunction, endoplasmic reticulum stress, and apoptosis (BCL2,
BCL2L1, PIK3CG, PIK3R6, XIAP, and CASP12); (2) genes associated to
glutamate excitotoxicity (CACNA1D); and (3) ALS genes associated



Table 2
Clinical features of 20 patients with ALS

Patient Age (y) Sex Disease
duration (mo)

Region of onset MRC sum score ALSFRS-R Progression rate Awaji criteria

1 53 Male 26 LL 50 42 0.2 Probable
2 55 Male 16 LL 34 19 1.8 Definite
3 48 Female 25 UL 44 37 0.4 Definite
4 51 Male 8 UL 41 18 3.8 Definite
5 45 Female 24 LL 44 24 1 Probable
6 63 Female 36 UL 33 22 0.7 Definite
7 38 Female 19 LL 34 25 1.2 Probable
8 64 Female 67 UL 17 19 0.4 Definite
9 50 Male 48 UL 33 22 0.5 Definite
10 73 Female 29 UL 24 20 0.9 Definite
11 55 Male 14 UL 60 43 0.3 Probable
12 52 Male 17 LL 46 41 0.4 Probable
13 56 Female 36 Bulbar 55 38 0.3 Probable
14 45 Male 24 UL 53 36 0.5 Definite
15 68 Male 24 Bulbar 52 37 0.4 Probable
16 64 Male 57 LL 23 30 0.3 Definite
17 78 Female 36 Bulbar 49 30 0.5 Probable
18 56 Female 15 Bulbar 54 32 1.1 Probable
19 42 Female 13 LL 44 33 1.2 Definite
20 44 Female 30 LL 16 15 1.1 Definite
Mean 55 28.2 44.3 29.2 0.9
SD 10.6 15.1 13 8.9 0.8

Disease duration refers to the period from symptom onset to the date of blood samples collection.
The site of disease onset was classified as either UL, LL, or bulbar.
Muscle strength was clinically assessed using the MRC sum score. The total MRC sum score ranges from 0 (total paralysis) to 60 (normal strength). The score is the sum of the
MRC score of 6 muscles (deltoid, biceps, wrist extensor, iliopsoas, quadriceps femoris, and tibialis anterior) on both sides, each muscle graded from 0 to 5.
The patients were clinically graded using the ALSFRS-R, with a maximum score of 48 when there is no disability.
The disease progression rate was calculated for each patient (PR ¼ [48 � current ALSFRS-R score]/disease duration in months at recruitment) (see Material and methods).
Key: ALS, amyotrophic lateral sclerosis; ALSFRS-R, revised ALS functional rating; LL, lower limb; MRC, Medical Research Council; PR, progression rate; UL, upper limb.
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to RNA metabolism, specifically TDP-43 and C9orf72, 2 of the most
relevant genes in ALS (Fig. 8). Taken together, this theoretical bio-
informatics analysis suggests that hsa-miR-142-3p and hsa-miR-
1249-3p may regulate a specific set of genes associated to the
pathophysiology of ALS.

4. Discussion

There is an urgent need for biomarkers to diagnose neurodegen-
erative diseases and monitor their progression (Turner et al., 2009).
The discovery of reliable ALS biomarkers is a crucial step for
improving the diagnosis, correcting the classification of clinical
subtypes, and evaluating the efficacy of new disease-modifying
treatments (Bowser et al., 2011). miRNAs have been suggested as
potential biomarkers for ALS (Freischmidt et al., 2015). In our present
study, we identified global changes in the expression profile of
circulating miRNAs in the serum of 2 different mutant SOD1 trans-
genic mice at the late presymptomatic and symptomatic disease
stages. Our screening strategy allowed us to validate the selective
alteration of 2 of these miRNAs in the serum of sALS patients.
Furthermore, we found a negative correlation between the expres-
sion level of hsa-miR-142-3p and ALSFRS-R, suggesting an association
between its expression level and disease progression. The bioinfor-
matics prediction of putative target genes suggested a possible
regulation of TDP-43 and C9orf72, 2 of the most relevant ALS factors,
in addition to other genes related to axonal growth and ephrin
signaling pathways.

In addition to ALS, alteration in the expression pattern of miR-
NAs has been described in multiple human diseases (Nicolas and
Lopez-Martinez, 2010). Importantly, these changes in miRNAs
levels are not restricted to the CNS, observing alteration including
in blood cells and serum (Freischmidt et al., 2015; Kumar et al.,
2013). Here, we identified low expression levels of circulating
miRNA in late presymptomatic stage in 2 mutant SOD1 models
that were then increased in the symptomatic stage. Zhou et al.
(Zhou et al., 2013) performed an expression analysis of miRNAs in
the spinal cord of SOD1G93A mouse at different disease stages using
microarrays. In agreement with our findings, the authors observed
a higher number of downregulated miRNAs at presymptomatic
stages, a phenomenon that was reversed at the symptomatic stage,
showing more upregulated than downregulated miRNAs. These
findings suggest similar global changes in miRNA expression pro-
files between the CNS and peripheral compartments, such as the
serum, in ALS mouse models. On the other hand, different studies
done in humans have reported low expression levels of miRNAs in
the spinal cord of ALS patients compared to control subjects
(Campos-Melo et al., 2013; Figueroa-Romero et al., 2015), sug-
gesting differences between mouse models and the disease in
humans. From a pathophysiological point of view, the experimental
ablation of Dicer and, in consequence, decrease in miRNAs levels
have been associated with motor neuron degeneration and the
development of spinal muscular atrophy phenotype (Haramati
et al., 2010). Moreover, functional studies in vitro revealed that
TDP-43 and FUS depletion generates decreased levels of miRNAs
(Kawahara and Mieda-Sato, 2012; Morlando et al., 2012). Thus,
miRNAs may directly contribute to the physiology of motor neu-
rons, and hence, their deregulation may result in neuronal
dysfunction and neurodegeneration.

It is important to highlight that the alterations in the global
expression profile of circulating miRNAs are an early event occur-
ring from the presymptomatic stages. These findings are consistent
with the morphological and molecular changes observed in pre-
symptomatic animals (Hegedus et al., 2008; van Zundert et al.,
2008). Recently, Freischmidt et al. studied the expression profiles
of circulating miRNAs in serum samples of asymptomatic SOD1,
FUS, and C9orf72 mutation carriers. This study indicated a highly
homogenous alteration of the miRNA profile in patients with fALS
that was largely independent from the underlying disease causative
gene. In addition, they identified 24 downregulated miRNAs in
presymptomatic ALS mutation carriers up to 2 decades or more



Fig. 7. Evaluation of validated miRNAs in serum samples of sporadic ALS patients. (A) Expression levels of validated circulating miRNAs in the serum of ALS patients (n ¼ 20) and
health control subjects (n ¼ 20) using real-time PCR. miRNA levels were normalized to cel-miR-39. Statistical analysis was performed using Student’s t test. The data were rep-
resented in a box plot, in which the box represents the interquartile range and arms the 5th and 95th percentile. (B) Correlation between hsa-miR-142-3p expression levels and
ALSFRS-R (Pearson correlation coefficient). (C) ROC curve analysis using hsa-miR-142-3p and hsa-miR-1249-3p for discriminating ALS patients from healthy control subjects.
p values: n.s., nonsignificant; * p � 0.05. Abbreviations: ALS, amyotrophic lateral sclerosis; ALSFRS-R, revised ALS functional rating; AUC, area under the ROC curve; miRNA,
microRNA; PCR, polymerase chain reaction; ROC, receiver operating characteristic; SE, standard error.
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before the estimated disease onset of which 91.7% miRNAs over-
lapped with the ones found in fALS patients (Freischmidt et al.,
2014).

In our study, we found differences in the expression profiles of
circulating miRNAs between mutant SOD1 mice. In addition, from
the 6 circulating miRNAs validated in mice, only 2 of them (hsa-
miR-142-3p and hsa-miR-1249-3p) reached statistical significance
when they were evaluated in ALS patient samples. In addition,
although hsa-miR-142-3p was upregulated in serum samples from
SOD1G86G and ALS patients, analysis of hsa-miR-1249-3p indicated
that it was induced in serum samples from SOD1G93A but was found
downregulated in the serum of ALS patients, which may suggest
temporal differences between the pathophysiological mechanisms
involved in the circulating miRNA deregulation between mouse
models and the disease in humans. This high variability between
miRNAs identified in SOD1 mouse models and their validation in
ALS patients verify the suggested partial ability to translate bio-
logical and therapeutic findings from transgenic mouse models to
patients with ALS (Ittner et al., 2015). Despite the fact ALS mouse
models reproduce most of the clinical and neuropathological
findings of the disease, a recent study showed that mouse models
rarely mimic the transcriptome of human neurodegenerative dis-
eases (Burns et al., 2015). In addition, this report showed that
mouse models frequently overexpressed genes associated with
cellular stress that are actually consistently downregulated in pa-
tients with neurodegenerative diseases. All this evidence highlights
the need of developing novel mouse models based not only on
single mutations (such as SOD1 or TDP43 models) but also on new
multifactorial damage models (“multiple hit” models). In the
meantime, given the significant number of ALS mouse models
available, further therapeutic and biomarker studies should include
the combination of multiple animal models, with different genetic
background before advancing into clinical studies in patients
(Festing, 2010; Ittner et al., 2015).

We have found deregulation of hsa-miR-142-3p and hsa-
miR-1249-3p in the serum of sALS patients. In agreement with
our results, studies performed in the spinal cord of transgenic ALS
mouse models and sALS and fALS patients also showed over-
expression of miR-142-3p (Koval et al., 2013; Zhou et al., 2013),
suggesting a strong association with ALS. Concerning other



Table 3
Top 10 canonical pathways of miR-142-3p and miR-1249-3p predicted target genes

Canonical pathways (IPA) �log (p-value) Ratio

miR-142-3pepredicted target genes
Clathrin-mediated endocytosis signaling 7.43 1.06E�01
Molecular mechanisms of cancer 4.32 6.17E�02
Epithelial adherens junction signaling 3.56 8.11E�02
Protein kinase A signaling 3.48 5.53E�02
B cell receptor signaling 3.29 7.18E�02
CCR3 signaling in eosinophils 3.09 8.2E�02
Tight junction signaling 3.08 7.19E�02
Actin cytoskeleton signaling 2.96 6.33E�02
Breast cancer regulation by Stathmin1 2.95 6.6E�02
Dopamine-DARPP32 feedback in
cAMP signaling

2.91 6.86E�02

miR-1249-3pepredicted target genes
Axonal guidance signaling 2.52 2.96E�02
Ephrin B signaling 1.87 5.33E�02
Adipogenesis pathway 1.69 3.91E�02
Ephrin receptor signaling 1.66 3.39E�01
Glucose and glucose-1-phosphate degradation 1.61 1E�01
IL-22 signaling 1.47 8.33E�02
Role of JAK1, JAK2, and TYK2 in interferon
signaling

1.47 8.33E�02

Oncostatin M signaling 1.19 5.88E�02
Role of JAK2 in hormone-like cytokine signaling 1.17 5.71E�02
Autophagy 1.07 5E�02

Key: cAMP, cyclic adenosine monophosphate; IPA, Ingenuity Pathway Analysis.
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neurodegenerative diseases, 7 deregulated circulating miRNAs
were reported to be altered in the plasma of patients with Alz-
heimer’s disease, 1 of which was hsa-miR-142-3p (Kumar et al.,
2013). In addition, different studies in multiple sclerosis patients
have described augmented hsa-miR-142-3p levels in leukocytes
and in CNS tissue (Junker et al., 2009; Keller et al., 2009). Besides its
alteration in neurological diseases, circulating hsa-miR-142-3p is
also modified in non-neurological diseases (Ellis et al., 2013;
Makino et al., 2012; Ortega et al., 2014; Pivarcsi et al., 2013).
Numerous studies have shown high expression of hsa-miR-142-3p
in hematopoietic organs and cells (Chen et al., 2004; Gauwerky
et al., 1989). Furthermore, ectopic expression of miR-142 has a
profound effect on the differentiation of T lymphocytes (Wu et al.,
2007). At the functional level, it was recently reported that
miR-142 knock-out mice display multiple hematological alterations
in both, the myeloid and lymphoid lineages (Shrestha et al., 2015).
Differential expression of miR-142-3p has been associated with
neuroinflammation and microglial activation (Chaudhuri et al.,
2013; Naqvi et al., 2015), 2 relevant factors in ALS (Boillée et al.,
2006; Zhao et al., 2010). Thus, it is possible that the upregulation
of hsa-miR-142-3p in the serum of patients with sALS may be
related in part with neuroinflammation. About hsa-miR-1249-3p,
limited information is available regarding its potential role in hu-
man physiology and even less in neurological diseases. In summary,
deregulation of hsa-miR-1249-3p has been described in cells and
neoplastic tissue from small-cell carcinoma of the esophagus and
hepatocellular carcinoma (Katayama et al., 2012; Okumura et al.,
2015). Moreover, hsa-miR-1249-3p was recently reported to be
differentially expressed in the plasma of patients with prediabetes
and type 2 diabetes (Yan et al., 2016). However, until now, there was
no previous association between hsa-miR-1249-3p and ALS.

Concerning the distribution and origin of circulating miRNAs in
different body compartments, many hypotheses have been raised. A
study that evaluated the expression levels of 10 TDP-43eassociated
miRNAs in ALS patients has found a poor correlation between
serum and CSF miRNA expression levels (Freischmidt et al., 2013).
The authors suggested the existence of independent regulatory
mechanisms between the CSF and serum compartments. Moreover,
Toivonen et al. have reported a significant overexpression of miR-
206 in the serum of ALS patients (Toivonen et al., 2014). They
described that miR-206 is preferably overexpressed in fast muscle
fibers in SOD1G93A. The authors suggest that a part of the deregu-
lated pool of circulating miRNAs in ALS is released from muscle
tissue. In contrast to the findings of Toivonen et al., we did not
detect reads for miR-206 in our SOD1 mouse models, which might
be explained by the different techniques and/or the different mouse
genetic backgrounds used. Of further relevance, we found a nega-
tive correlation between the hsa-miR-142-3p expression levels and
serum CK values, which argue against its possible release after
muscle destruction.

Our bioinformatics analysis with IPA predicted that hsa-miR-
142-3p may regulate TDP-43 and C9orf72 expressions. This is of
special interest because both target genes play a pivotal role in ALS
pathogenesis as well as the association between ALS and fronto-
temporal dementia (Ahmed et al., 2016). Target gene prediction for
hsa-miR-1249-3p identified 2 overrepresented canonical pathways
involved in axonal growth and ephrin B signaling pathways. Ac-
cording to the distal axonopathy hypothesis of ALS, alterations in
the axonal growth may play a fundamental role in ALS as there is
accumulating evidence suggesting that the earliest presymptomatic
pathological changes occur distally in axons and at the neuro-
muscular junction (Moloney et al., 2014). Importantly, pharmaco-
logical and genetic inhibition of Epha4 signaling, a downstream
component of ephrin-B3 (Himanen et al., 2004), rescues mutant
SOD1-induced phenotypes in zebrafish and increases the survival
rate in rat andmousemodels of ALS (Paixão et al., 2013; Van Hoecke
et al., 2012). This evidence supports the idea that miR-1249-3p may
have relevant roles in ALS disease development, a hypothesis that
remains to be tested.

Our findings suggest the existence of a systemic deregulation of
miRNAs in the serum of mutant SOD1 mouse models and sALS
patients. Growing evidence highlights the fact that ALS is a
systemic disease, involving changes in metabolism, immune re-
sponses, and connective tissue (Dupuis et al., 2004; Hovden et al.,
2013; Kolde et al., 1996). The systemic deregulation of miRNAs
may also reflect the dysfunction of the peripheral nerve, neuro-
muscular junctions, and/or muscle alterations in ALS patients.
Based on the high variability of hits identified in independent
studies, it is predicted that a combination of various miRNAs, such
as the ones identified here, together with additional molecules may
be required to fingerprint ALS at the molecular level. Such a panel
of miRNAs could serve as a signature reflecting disease progression
and might help to distinguish ALS from ALS-mimicking diseases.
Validation of our results in large patient cohorts (cross-sectional
and longitudinal studies) including genetic and sporadic cases with
different clinical phenotypes and disease stages may contribute to
further increase the value of the miRNAs identified here as possible
tools to diagnose ALS and monitor its progression.
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