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Circular RNA expression in ALS is progressively 2
deregulated and tissue-dependent
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Abstract

Background There is increasing evidence on the role of circular RNAs (circRNAs) in neuronal and muscular processes.
Accordingly, their dysregulation is associated with neurodegenerative diseases and myopathies. We investigated
circRNA expression in the central nervous system (CNS) and skeletal muscle, the two main tissues affected in
amyotrophic lateral sclerosis (ALS).

Results Based on circRNA sequencing analysis in spinal cord from ALS mice (SOD1G93A) followed by a literature
search, 30 circRNAs potentially involved in ALS were tested. All selected circRNAs were downregulated in the
SOD1G93A spinal cord, whereas only half of these were quantifiable and were generally upregulated in quadriceps
muscle of SOD1G93A mice. Such tissue-dependent expression pattern was observed in both sexes and circRNA
abundance in the spinal cord was higher than in the muscle, both in wild type and in SOD1G93A mice. Finally, we
assessed the 18 circRNAs with the largest expression differences and the highest degree of interspecies conservation
in brain samples from sporadic ALS (sALS) patients and healthy controls. Similar to the mouse model, circRNA levels
tended to decrease in the CNS of sALS patients.

Conclusions Expression of circRNAs may be systematically altered in the two tissues most affected by ALS in a
progressive and opposed manner. Although more detailed studies are warranted, circRNAs are potentially related to
ALS etiopathogenesis and could possibly serve as future biomarkers, therapeutic targets, or customized therapeutic
tools to modulate the pathology.
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Introduction

Splicing of a pre-mRNA transcript can produce linear, pro-
tein coding messengers as well as covalently closed single-
stranded RNA molecules called circular RNAs (circRNA)
that belong to the category of non-coding RNAs (ncRNAs)
[1]. The biogenesis of circRNAs normally involves head-to-
tail backsplicing, an alternative mRNA splicing process that
joins downstream 5’ splice donor site of an exon with the 3’
upstream splice acceptor site [2, 3]. Such direct backsplicing
is mediated by the binding of inverted repeat elements (Alu
sequences) or RNA-binding proteins (RBPs) in the flanking
regions of circRNAs [2, 3]. These flanking sequences may be
modified by adenosine deaminases acting on RNA (ADAR)
enzymes, which can alter the stability of RNA secondary
structures and, thus, circRNA expression [4]. circRNAs

may also be formed by lariat intermediates formed from
the exons and/or introns removed during pre- mRNA pro-
cessing (indirect backsplicing) [2]. Normally such intronic
sequences are degraded by RNA lariat debranching enzyme
(DBR1), but occasionally they manage to escape degrada-
tion giving rise to circRNAs composed uniquely of introns
(ciRNAs) [3, 5]. circRNAs may regulate their parental gene
expression directly through their interaction with RNA
polymerase II or through competition with full-size mRNA
production. Additionally, they may cause more inconspicu-
ous pleiotropic effects by sponging microRNAs (miRNA)
or RBPs, by regulating splicing and by promoting epigenetic
alterations [6]. Despite originally being classified as non-cod-
ing RNAs, some circRNAs, such as circZNF609 and circF-
BXW?7, have been shown to be translated into proteins [6,
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7]. Although specific functions of some circRNAs have been
characterized, a large majority are still poorly understood [8].

circRNAs are unusually stable due to the lack of 5’
and 3’ ends, often expressed in a tissue- or develop-
mental stage-specific manner, many are evolutionarily
conserved, and accumulate in relatively high levels in
neuronal and muscle tissues [8, 9]. Indeed, circRNAs
have been proposed to play important roles in the devel-
opment and function of neurons and synapses [10], as
well as in skeletal muscle myogenesis [8]. In view of this,
it is perhaps not surprising that circRNAs have been
found to be dysregulated in neurodegenerative diseases
such as Alzheimer’s disease (AD) and Parkinson’s disease
(PD) [11], and in myopathies like Duchenne muscular
dystrophy (DMD) [12] and myotonic dystrophy type 1
(DM1) [13, 14].

Amyotrophic lateral sclerosis (ALS) is a progressive
and fatal neuromuscular disorder that has no cure or
effective treatment. The primary consequences of ALS
are detachment of motoneurons from skeletal muscle
which results in muscle atrophy and motor neuron
death. Most cases of ALS are sporadic (sALS) and 10%
have a family history (fALS) [15]. Around 11% of sALS
cases and two-thirds of fALS cases have a genetic etiol-
ogy [16]. The four most well-established causative genes
are SODI1 (Cu-Zn superoxide dismutase 1), TARDBP
(transactive response DNA binding protein 43 kDa,
TDP-43), FUS (fused in sarcoma) and hexanucleotide
expansion repeat in C9ORF72 (Chromosome 9 Open
Reading Frame 72) [15, 16]. The exact causes of ALS
are largely unknown, but many of the major ALS genes
play a critical role in RNA processing, with dysregulated
RNA metabolism being a key factor in the pathogene-
sis [15]. Although very little is known on circRNAs in
ALS, RBPs TDP-43 and FUS have been shown, among
their other functions, to be involved in the biogenesis
of circRNAs [17-19]. To date, the potential of circRNAs
as ALS biomarkers has been studied in leukocytes [20]
where microarray-based approach combined with
quantitative PCR (RT-qPCR) verification identified
three circRNAs that could potentially serve as ALS
biomarkers. Additionally, recent study based on RNA
sequencing of muscle biopsies [21] indicated altered
abundance of several circRNAs in ALS patients, some
of which were confirmed by RT-qPCR and found to
be also altered in motor neurons derived from human
induced pluripotent stem cells (iPSCs) harboring ALS
mutations and in skeletal muscle ALS mice expressing
mutated human SOD1. Interestingly, ADAR2 levels are
decreased in ALS and it has been shown that a circRNA
lacking typical ADAR2-dependent editing may poten-
tially be detected as ALS-dependent signal in body flu-
ids [22]. It is also possible that some circRNAs could
be directly involved in the pathology of ALS, as the
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case of circ-Hdgfrp3, which is sequestered within FUS-
aggregates [23], and a ciRNA derived from C9ORF72
that serves as the translation template of dipeptide
repeat proteins (DPR) [24]. In addition, a possible treat-
ment for ALS has been proposed based on inhibition of
RNA lariat debranching enzyme DBR1, which results
in an increase of ciRNA levels in motor neurons and
decreases TDP-43 toxicity by titration [25].

Here, we investigated the expression levels of selected
circRNAs in the most affected tissues in ALS, central
nervous system and skeletal muscle, in ALS mouse model
expressing mutated human SOD1 (SOD1G93A) and
in sporadic ALS patients. Our findings show that levels
of circRNAs in ALS are altered in a progressive, tissue-
dependent and sex-independent manner.

Results

Selection of circRNAs potentially involved in ALS

To identify circRNAs that may be implicated in ALS
pathogenesis, two independent studies were performed:
(A) circRNA sequencing (circRNA-seq) analysis in the
spinal cord of 50-day-old SOD1G93A and wild type
(W'T) mice, and (B) an extensive literature search.

Based on the results of the circRNA-seq analysis, 12
circRNAs were selected considering: (1) the largest dif-
ferences between WT and SOD1G93A mice, (2) func-
tion of the host gene, (3) potential involvement in ALS
and (4) homologous circRNA present in human. From
the literature search, 18 circRNAs were selected. The
selection criteria were: (1) circRNAs involved in patho-
genic mechanisms altered in ALS (e.g., neuroinflamma-
tion, myogenesis, oxidative stress), (2) circRNAs whose
host gene may be implicated in ALS, (3) circRNAs highly
conserved between species and (4) detection frequency
in body fluids.

A summary of the 30 circRNAs selected (alias, circBase
identifier, host gene and reason for study) is shown in
Table 1.

circRNAs are downregulated in spinal cord from
SOD1G93A mice

In SOD1G93A mice, males show accelerated progression
of the disease symptoms compared with females. First,
the selected circRNAs were analyzed in the spinal cord
of WT and SOD1G93A males throughout the course of
disease. Specifically, four stages were studied: early pres-
ymptomatic (P50), late presymptomatic (P75), symptom-
atic (P105), and terminal stage (P120).

The levels of all circRNAs studied were significantly
altered in one or more stages compared with con-
trol mice (Fig. 1). Interestingly, an obvious trend was
observed toward a gradual decrease of circRNA levels in
spinal cord of SOD1G93A mice, which generally reached
the largest fold change at the symptomatic and terminal
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Fig. 1 Relative expression of the 30 circRNAs selected in the spinal cord of SOD1G93A mice. A total of 40 animals were used (10 male mice for each stage:
WT n=5,SOD1G93A n=5). CircRNA levels were normalized using Actb and relative expression is shown in each stage with control mice set to 1. Light
blue dots indicate 2—ddCt value obtained for each individual male mouse. Bars represent mean + standard deviation. Statistical significance was assessed
by student’s t-test (unpaired two-tailed). Ap< 0.1 (close to significance), *p < 0.05, **p < 0.01, ***p <0.001, ***p <0.0001, *****p < 0.00001
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Fig. 1 (continued)

stages of the disease. The relative expression of three
(P50), seven (P75), 23 (P105) and all 30 circRNAs (P120)
was decreased in the different disease stages.

Notably, two circRNAs (ciRS7 and circMapkl) were
significantly decreased from early presymtomatic to ter-
minal stage, and five circRNAs (circGripl, circCwc27,
circMorc3, circHipk3 and circXpol) from late presymto-
matic to terminal stage. The most significant downregu-
lation was seen for circSpeccl (p=0.000004), circScltl
(p=0.00007) and ciRS7 (p =0.00007) at terminal stage.

Upon normalization to P50 (Fig. Sla), our analysis
revealed that most circRNAs predominantly increased

with age in WT animals, while they showed a decreasing
trend in SOD1G93A mice.

circRNA levels tend to increase in skeletal muscle of
SOD1G93A mice
Next, the expression of the selected circRNAs was stud-
ied in quadriceps of SOD1G93A and WT mice through-
out the disease course using muscle tissue derived from
the same male mice as in the spinal cord.

Fourteen out of the 30 circRNAs could not be quanti-
fied in mouse quadriceps. These circRNAs that are pre-
sumably CNS-specific or below the limit of detection in
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skeletal muscle included all those selected from circRNA-
seq analysis in spinal cord of 50-day-old mice and two
additional circRNAs (circSpeccl and circScltl). All 16
circRNAs detectable in quadriceps showed significant
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differences at some stage of the disease (Fig. 2). In con-
trast to what we observed in spinal cord (Fig. 1), circRNA
levels tended to increase gradually towards the terminal
stage in SOD1G93A mice. The relative expression of two
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(P50), six (P75), nine (P105) and all 16 circRNAs (P120)
was significantly altered in the different disease stages and
were generally increased. Only one circRNA (circSlc8al)
presented the opposite pattern, decreasing significantly in
P105 and P120, as in the spinal cord (Figs. 1 and 2).

In particular, circAshll was significantly upregu-
lated from early presymptomatic to terminal stage, five
(circManla2, circAnkrd12, circHipk2, ciRS7 and cir-
cXpol) from P75 to P120. The most significantly overex-
pressed circRNAs in the terminal stage were circManla2
(p=0.00007), circAshll (p=0.00008), circAnkrd12
(p=0.0006) and circUbxn7 (p=0.001).

When we adjusted our data relative to P50 (Fig. S1b),
most circRNAs increased with age in SOD1G93A, while
their levels remained more stable in WT animals.
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Alterations of circRNAs are generally consistent in male
and female SOD1G93A mice
Given the marked and consistent alterations of circRNAs
in male SOD1G93A mice, we considered the possibility
that these may be influenced by the sex, given that the
disease pathology is generally delayed in ALS females
compared with males. Therefore, the levels of the 14 most
deregulated circRNAs in each tissue of male mice were
measured in terminal stage W'T and SOD1G93A females.
In spinal cord (Fig. 3a), all circRNAs studied were
significantly decreased in SOD1G93A females. Like
observed in males at P120 (Fig. 1), circSpeccl (p=0.0003)
and ciRS7 (p=0.0005) were the first and third most
significantly downregulated circRNAs. In quadriceps
(Fig. 3b), the trend of increased levels of circRNAs was
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Fig. 3 Relative circRNA expression in (a) spinal cord and (b) quadriceps of female SOD1G93A mice. A total of 10 animals were used (WT n=5, SOD1G93A
n=5) at terminal stage (P120). Relative levels were normalized using Actb and Gapdh as control. Light pink dots indicate 2—ddCt value obtained for
each female. Bars represent mean +standard deviation. Statistical significance was assessed by Student’s t-test (unpaired two-tailed). Ap< 0.1 (close to

significance), p<0.05, **p <0.01, **p <0.001
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unchanged in SOD1G93A females. However, only four
circRNAs were significantly upregulated. Similar to the
males (Fig. 2), the lowest p values were seen for circ-
Manla2 (p=0.008) and circAsh1l (p=0.008).

Host genes exhibit concomitant expression trend with
their respective circRNAs

circRNAs can regulate transcriptional levels of their
parental genes, most of which in this study are involved
in neuronal and muscular processes (Table 1). Consider-
ing that circRNAs may exert distinct functions in differ-
ent tissues, we examined the expression of 14 host genes
whose corresponding circRNAs were altered in both the
spinal cord and quadriceps.

In the spinal cord of terminal-stage mice (Fig. 4a), 10
host genes were significantly downregulated and one
(Samd4) exhibited a near-significant decrease. In con-
trast, in the quadriceps (Fig. 4b), 11 host genes were sig-
nificantly upregulated and one showed a trend toward
significance (Zfp609).

Next, we analyzed the correlation between circRNAs
and their corresponding host genes (Fig. 4c, d and Fig.
S2), finding that 11 out of 14 circRNAs exhibited a signif-
icant positive correlation with their parental genes. Spe-
cifically, four circRNAs (circMorc3, circAsh1l, circMapk1
and circManla2) showed consistent correlations in both
tissues. Three circRNAs (circZfp609, circHipk3 and cir-
cArf3) correlated exclusively in the spinal cord, whereas
four (circXpol, circAnkrd12, circUbxn7 and circCwc27)
correlated only in the quadriceps. Three circRNAs
(circHipk2, circFbxw7, and circSamd4) did not show
significant correlations. Nevertheless, circHipk2 and cir-
cFbxw7 showed a trend toward correlation in the spinal
cord (0.076 and 0.051, respectively), while circSamd4 had
a similar trend in muscle tissue (0.068).

circRNAs are more abundant in spinal cord than in skeletal
muscle

As the levels of circRNAs were downregulated in spinal
cord and generally upregulated in quadriceps in both
sexes of SOD1G93A mice, we next determined whether
their expression would be generally higher in skeletal
muscle than in the CNS. For this purpose, we compared
the abundance of circRNAs between spinal cord and
quadriceps of mice at the stage that reached the largest
fold change (P120) (Fig. 5).

CircRNA levels were substantially higher in spinal cord
than in quadriceps from WT mice (Fig. 5a). The same
was observed in SOD1G93A mice, even though in ALS
circRNA expression tended to increase in muscle and
decrease in CNS compared to healthy controls (Fig. 5a).
Again, females presented the same profile as males, both
WT and SOD1G93A (Fig. 5b).
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Several circRNAs are decreased in the brain from sALS
patients

Homologous human circRNA was identified for 24
of the 30 mouse circRNAs tested (Table 1). To assess
whether the circRNA expression patterns found in the
SOD1G93A mice are also observed in ALS patients, our
objective was to validate circRNAs in the spinal cord
and muscle of ALS patients. However, due to the limita-
tions related to sample availability, we were only able to
obtain brain tissue from human subjects. We then ana-
lyzed the expression of 18 human circRNAs homologs in
samples derived from post mortem cortex and brainstem
of sporadic ALS patients and healthy controls. The selec-
tion was made considering three criteria: (1) the largest
significant differences observed in the mouse model, (2)
the highest degree of conservation between species, and
(3) the potential importance in CNS biology or in ALS
(Table 1).

Among the 18 circRNAs assessed (Fig. 6), nine were
downregulated in the brain samples from sALS patients
compared to healthy controls and two were close to dif-
ferential expression. None of the circRNAs were upreg-
ulated in ALS brains, consistent with the expression
pattern observed in the spinal cord of the murine model.
The most deregulated circRNAs in ALS brain were cir-
¢XPO1 (p=0.00009), circSCLT1 (p=0.0005), circMAPK1
(p=0.001), circTTBK2 (p=0.002), and circSAMD4A
(p=0.003) (Fig. 6). Figure 7 shows a summary of all the
data obtained in the murine model and in sALS patients,
reflecting the expression patterns of circRNAs in each
tissue and how they are maintained in both species.

Discussion

The work presented here suggests that circRNA expres-
sion may be profoundly impaired in CNS and skel-
etal muscle, the two tissues most affected by ALS. The
observed dysregulation of circRNA levels seems to argue
for a pattern that is tissue-dependent: whereas in the ALS
spinal cord and brain circRNAs are generally downreg-
ulated, in the skeletal muscle their abundance tends to
increase (Figs. 7 and 8).

The abundance of circRNAs can be altered mainly due
to three causes: (1) circRNA biogenesis (regulated by
RBPs, Alu elements and ADAR enzymes), (2) circRNA
degradation (DBR1, RNase L, m6a modification, among
others), and (3) release of circRNAs in extracellular ves-
icles [3].

CircRNA downregulation in CNS could be due to an
altered function of RBPs, a common ALS hallmark [72].
Motor neurons silenced or mutated for FUS exhibit
decreased levels of circRNAs [18, 19]. Whereas FUS WT
binds to the flanking introns of circRNAs and regulates
their expression, it seems that FUSP525L mutant could
preferentially bind to introns with inverted Alu repeats
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flanking circRNAs which would inhibit circRNA bio-
genesis [19]. Decreased levels of CNS circRNAs both
in the SOD1G93A mice and in sporadic ALS patients,
as observed here, could be a consequence of a common
etiopathogenic mechanism, such as misfolded proteins
(FUS, TDP-43, SOD1). On the other hand, opposing

alterations in circRNA levels between CNS and muscle
could be due to the different response of neuronal and
muscle cells to misfolded proteins in ALS [73-77]. It has
been shown that muscle cells more efficiently eliminate
misfolded proteins than neurons [73-76]. Thus, depend-
ing propensity for aggregate formation or management of
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misfolded proteins in different tissues, ALS-linked RBPs
may exert distinct effects on CNS and muscle in ALS,
which could differently affect circRNA biogenesis.
Notably, a possible therapeutic approach for ALS has
been proposed based on the regulation of circRNA lev-
els through DBR1 inhibition [25]. This enzyme catalyzes
the debranching of lariat introns that are formed during
pre-mRNA splicing, which may result in accumulation
of cytoplasmic intronic circRNAs (ciRNAs) [3, 5]. The
absence of DBR1 enzymatic activity is sufficient to rescue
mutant TDP-43 toxicity in yeast, in human neuroblas-
toma cells and in rodent primary cortical neurons [25].
This likely occurs because the accumulated ciRNAs act
as cytoplasmic decoys to titrate mutant TDP-43 reliev-
ing important cellular RNAs and RBPs that mislocalized
TDP-43 normally sequesters from their normal function
in ALS [25]. These results could support the hypothesis
stated above, according to which neurons respond worse
to misfolded proteins and would result in decreased

physiological levels of circRNAs that could not be ben-
eficial to the CNS. On the contrary, muscle may pres-
ent an increase in the physiological levels of circRNAs,
which could contribute to reduce the toxicity of misfolded
proteins and show greater compensatory regenerative
capacity to damage. In this regard, it is also possible that
the observed decrease in circRNA levels reflects their
increased degradation in the CNS of ALS model and
patients. Although the degradation of circRNAs has
hardly been studied, it has recently been shown that mé6a
methylation of RNA and activity of RNase L could pro-
mote the global elimination of circRNAs [3]. Interestingly,
mé6a hypermethylation of protein coding and non-coding
RNA species have been observed in the spinal cord of
sALS patients [78] and the expression of RNase L tran-
script is upregulated in iPSC-derived motor neurons from
ALS patients [79]. In this respect, RNase L-mediated deg-
radation of circRNA has been found to be necessary for
the activation of protein kinase R (PKR) [80], which has
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(sALS) | vation

circSOX5 0.2 0.6 0.08 0.004 NT NQ NQ NQ NQ NQ NT 92.1%
circTTBK2 0.1 0.7 0.02 0.007 NT NQ NQ NQ NQ NQ 0.002 89.8%
circMGA 0.1 0.07 0.03 0.0003 0.004 NQ NQ NQ NQ NQ 0.03  88.4%
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circRNA-seq (SOD1G93A spinal cord)
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circUBXN7 0.3 0.6 0.01 0.004 0.009 0.1 0.7 0.5 0.001 0.6 0.009 88.3%
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Literature search

circSLC8A1 0.6 0.3 0.007 0.0002  0.0009 0.8 0.2 0.01 0.04 NT 0.6 88.0%
circCWC27 0.2 0.04 0.03 0.0006 0.003 0.5 0.5 0.03 0.003 0.5 NT 77.6%
circMAN1A2 0.1 0.1 0.4 0.008 NT 0.2 0.02 0.008 - 0.008 0.1 87.1%
circHilPK2 0.8 0.9 0.04 0.006 NT 0.5 0.03 0.04 0.005 0.01 0.4 94.2%
circHIPK3 0.1 0.01 0.008 0.004 0.0006 0.01 0.08 0.1 0.03 0.3 0.07 93.7%
ciRS7 0.02 0.02 0.005 - 0.0005 0.9 0.03 0.02 0.01 0.3 0.06 69.5%
circARF3 0.1 0.3 0.1 0.004 0.002 0.7 0.2 0.1 0.002 0.04 NT 93.3%

-- p<0.001 p<0.01 p<0.05 p>0.1 0.1<p>0.05 p<0.05 p<0.01 p<0.001 -
SIGNIFICANT DOWNREGULATION NOT SIGNIFICANT SIGNIFICANT UPREGULATION

Fig.7 Summary of all the data obtained from the SOD1G93A murine model and sALS patients. A total of 30 circRNAs were studied, of which 18 circRNAs
were selected from a literature search and 12 based on data from a circRNA-seq analysis in spinal cord of SOD1G93A mice. This figure shows all the p-val-
ues obtained, representing in blue a significant downregulation, in red a differential upregulation, and in ochre an unaltered expression or close to being
significant. Taken together, these results suggest that circRNAs in ALS are deregulated in a global, progressive, tissue-dependent and sex-independent
manner. Abbreviations: NQ (not quantifiable), NT (not tested), NH (not human homologous circRNA), P50 (early presymptomatic stage), P75 (late pres-
ymptomatic stage), P105 (symptomatic stage), and P120 (terminal stage)
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been detected at higher levels in spinal cord [81] as well as
in hippocampus from ALS patients [82], and its inhibition
has been proposed as a promising therapeutic approach
[82]. Therefore, increased levels of circRNAs in the CNS
of ALS could be beneficial, as it could decrease TDP43-
mediated toxicity [25] and PKR activation [80].

It is noteworthy that decreased expression of cir-
cRNAs in the CNS and increased levels in muscle have
been observed in other pathologies and disease models.
CircRNA levels are decreased in the spinal cord of spi-
nal cord injury (SCI) models [83, 84] and in brain cortex
of patients with schizophrenia [85], whereas increase is
observed in myopathies such as DM1 [13, 14]. Based on
these findings it may be plausible, regardless of the pos-
sible cause (RBPs, m6a methylation.), that changes in cir-
cRNA abundance could reflect a compensatory response
to neuronal (e.g., neuroinflammation, reactive glia, oxida-
tive damage, glutamate excitotoxicity, ADAR-mediated
RNA editing) and muscle damage (muscle weakness and
wasting) common to ALS and ALS mimic-pathologies. In
this regard, it has been observed that there is a connec-
tion between the deregulation of global circRNA abun-
dance and immune microenvironment [86, 87].

During the preparation of this manuscript, a compa-
rable tissue-dependent pattern of circRNAs observed in
CNS and muscle of ALS patients was reported by Tsitsi-
patis [21]. While the mentioned study examined different
circRNAs from those investigated in the present article
(with the exception of circFBXW?7), their findings and
conclusions aline closely with ours. Interestingly, some of

the circRNAs that we selected through a literature review
independent of the Tsitsipatis work overlap with the data
of their sequencing analysis in muscle biopsies from ALS
patients (circXPO1, circSCLT1, circSPECCI, circMGA,
circHIPK3, circUBXN7, circSAMD4A and circHIPK2).
Three of these circRNAs were not detected in the quadri-
ceps muscle from SOD1G93A mouse model, possibly due
to lower expression levels and different methodological
sensitivity. Nevertheless, considerable overlap between
the results and general conclusions of these two studies
strengthen the value of these findings and reinforce the
importance of circRNAs in ALS pathology.

Our results corroborate previous findings regarding the
relatively high degree of conservation of the circRNAs
between mouse and human, and how the altered expres-
sion profiles in most cases are captured in both species
(Fig. 7) [21]. While it is true that many of the circRNAs
differentially expressed in SOD1G93A mice did not have
human homologs (or these had not yet been annotated
due to the relatively recent discovery of this RNA class),
it is important to note that in certain cases with human
homologs, the findings obtained from the mouse model
were also observed in human ALS samples. This empha-
sizes the potential value of animal models in translating
experimental findings to the benefit of patients. It is also
worth noticing that the circRNAs that were not observed
to be dysregulated in the patient samples could be
because they are altered in the spinal cord but not in the
brain. Therefore, although the same trend of decreased
circRNA levels in CNS tissues has been observed in ALS,
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there could be some circRNAs that are downregulated
only in the spinal cord or brain.

Finally, in this work we have also studied the differ-
ences in the expression of circRNAs according to tissue
and sex. The levels of circRNA were found to be higher in
the spinal cord than in the skeletal muscle, regardless of
the mouse genotype (Fig. 5). This is reasonable since neu-
rons are by far the cell type with the highest number and
expression of circRNAs [9]. Therefore, although in ALS
circRNA abundance could be decreased in the spinal
cord and increased in muscle, their levels would still be
higher in the CNS because neurons are enriched in these
RNA molecules. This fact could also explain why all the
circRNAs we have studied were expressed in the spinal
cord but only slightly more than 50% could be quantified
in the quadriceps (Fig. 7). The vast majority of circRNAs
that we have only been able to quantify in the spinal
cord come from circRNA-seq analysis, so it is possible
that they could be tissue-specific or highly enriched in
the CNS. Moreover, some circRNAs that we selected for
their known relevance to the muscle (such as circZNF609
and circSAMD4A), were also found in spinal cord
(Fig. 7). As for sex, the expression patterns of circRNAs
were maintained in spinal cord and skeletal muscle of
SOD1G93A females (Fig. 3), but these variations were
more pronounced in males (Figs. 1 and 2). This could be
due to sex-dependent differences observed in ALS, since
SOD1G93A females tend to have a later disease onset
and display modestly increased survival [88]. Consis-
tently, the alterations of lesser extent observed in the end
stage females could reflect their better functional status
compared with males. Indeed, the levels of circRNAs in
females at terminal stage (P120) are more comparable to
those obtained for males at late symptomatic stage (P105)
in both in quadriceps and spinal cord (Fig. 7).

From the 30 circRNAs studied, 16 were found to be
particularly altered in ALS and may therefore be closely
related to the etiopathogenesis of this disease (circSCLT1,
circXPO1, circUBXN7, circSAMD4A, circMAPK1,
circANKRD12, circMAN1A2, circMORCS3, circTTBK2,
ciRS7, circHIPK3, circASH1L, circHIPK?2, circFBXW7,
circMGA and circCWC27) (see Table 1 for more details
about circRNAs). Some of these circRNAs have been
previously associated with other neurodegenerative dis-
eases or myopathies, such as AD [11, 62], PD [52, 66] and
DMI1 [13, 14]. Ten of these circRNAs have been mecha-
nistically studied, being some involved in inflammation
[51, 54, 56, 62, 65, 66, 68], myogenesis [8, 64, 67], and cell
cycle and proliferation [39, 60]. In addition, many seem
to be involved in the brain development [27]. The func-
tion of the remaining circRNAs is still poorly understood.
Nevertheless, a relevant proportion of circRNAs have
been shown to regulate the expression of their host genes
through various mechanisms [89, 90]. In this study, we
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observed that the expression of most of the host genes
analyzed was consistently deregulated with their corre-
sponding circRNAs in both spinal cord and quadriceps,
with many of them correlating positively (Fig. 4 and Fig.
S2). This indicates that higher circRNA levels may be
associated with increased expression of their host genes.
These results could potentially be explained by the com-
peting endogenous RNA (ceRNA) mechanism, in which
an increase in circRNA levels leads to the sequestration
of miRNAs that would otherwise inhibit the host gene,
thereby increasing its expression [89-91]. To confirm
such possible mechanism, further studies are needed to
verify the interactions between the circRNAs of inter-
est and their associated miRNAs, as well as to analyze
the downstream targets of these miRNAs at the protein
level. Since one of the selection criteria for circRNAs in
this study was the function of their host genes, many of
them are involved in processes that are altered in ALS,
and some have been identified as modifiers of more than
one ALS-causal gene [42]. Interestingly, proteins encod-
ing some host genes have been proposed as therapeutic
targets for ALS (XPOI [43], MAPKI [57], TTBK2 [28]
and HIPK2 [92]). On the other hand, circASH1L was sig-
nificantly upregulated in the quadriceps from the asymp-
tomatic to the terminal stage (Figs. 2 and 7), so it could
be a promising ALS biomarker. It is noteworthy that the
expression of its host gene (ASHIL), which is involved in
myoblast fusion [50], was also dysregulated in our ALS
mouse model and showed a strong correlation with its
circular isoform (Fig. 4). Other potential biomarkers
of ALS or muscle damage could be circMAN1A2, cir-
c¢XPO1, circANKRD12, circHIPK2 and ciRS7. Regard-
ing circMAN1A?2 (hsa_circ_0000118), it should be noted
that another circRNA from the same host gene (hsa_
circ_0000119) was found previously altered both in mus-
cle and in spinal cord [21].

Finally, it is worth noting that these circRNA alterations
could not only distinguish between healthy and affected
individuals but also reflect temporal changes. When
normalizing our data to P50, we observed significant
changes in circRNA expression over time in both ana-
lyzed tissues (Fig. S1). In the spinal cord (Fig. S1a), most
circRNAs increased with age in WT animals, whereas in
the ALS mouse model, their levels tended to decrease.
This result aligns with previous studies describing cir-
cRNA accumulation in the CNS during aging, a trend
that may be disrupted in neurodegenerative diseases, as
observed in Parkinson’s disease patients [61, 93, 94]. In
the quadriceps muscle (Fig. S1b), circRNA expression
generally increased with age in the ALS mouse model,
whereas in healthy animals, it exhibited fewer variations.
These findings may be consistent with the global increase
in circRNA levels reported in myopathies and the relative
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stability of circRNA expression in muscle from healthy
animals, in contrast to the CNS [13, 94, 95].

Conclusions

In conclusion, the expression of circRNAs in ALS could
be characterized by a progressive and tissue-dependent
pattern that seems to be opposite in CNS and skeletal
muscle (Figs. 7 and 8). These variations in circRNA lev-
els could be a common signature to all or different forms
of ALS and seem to be indicative of neuronal and muscle
damage caused by disease progression. This phenomenon
could be due to alterations in the biogenesis of circRNAs,
being their main players dysregulated in ALS (RBPs [72]
and ADAR-mediated RNA editing [96]). Other indepen-
dent and non-exclusive possibilities to this hypothesis
may be an alteration of circRNAs stability (DBR1 [25],
RNase L, m6a methylation [78]) or an increase of cir-
cRNAs transport from the motor neuron to the muscle
[21]. In view of all these findings, the role of circRNAs
in the etiopathogenesis of ALS could bear relevance
from the earlier stages of the disease, paving the way
to consider them as potential diagnostic and prognos-
tic biomarkers. More studies are also needed to further
investigate the function of these circRNAs as therapeu-
tic targets of new treatments, as well as their expression
in more accessible tissues, such as peripheral blood or
plasma, for use as molecular markers of ALS.

Materials and methods
ALS mouse model
All experimental procedures were approved by the Eth-
ics Committee for Animal Experiments of Universidad
de Zaragoza (Ref. P152/15) and were performed accord-
ingly with the institutional and the international guide-
lines for the use of laboratory animals. Mice were housed
under a standard light: dark (12:12) cycle with food and
water ad libitum. The transgenic mice (SOD1G93A)
were obtained by crossbreeding hemizygous B6SJL-Tg
SOD1G93A males (stock number 002726) purchased
from The Jackson Laboratory (Bar Harbor, ME, USA)
with B6SJL females from Janvier Labs (Saint- Berthevin
Cedex, France).

Spinal cord and quadriceps muscle were isolated from
a total of 33 TG mice and their respective controls (age-
matched WT littermates) after euthanization with CO,.
These tissues were immediately frozen and stored at
—800C. The SOD1G93A murine model exhibits a much
more pronounced affection in the spinal cord compared
to the brain. For this reason, we considered the spinal
cord to be the best option for investigating disease pro-
gression in the nervous system in this work.
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Patients

Brain tissue samples from ALS patients and non-diseased
controls were collected, processed and provided by the
CIEN Tissue Bank, CIEN Foundation, Instituto de Salud
Carlos III and Biobanco en Red de la Regién de Mur-
cia (BIOBANC-MUR). This study was approved by El
Comité de Etica de la Investigacién de la Comunidad de
Aragén (CEICA) (Ref. PI17/0025) and El Comité Cienti-
fico del banco de tejidos de la Fundacién CIEN (Ref.
CCS17003). Written informed consent was obtained
from all subjects. Detailed clinical characteristics are
shown in Table S1.

Gene expression

RNA extraction

For mice spinal cord and quadriceps, tissues were homog-
enized with QIAzol Lysis Reagent (Qiagen) using the Tis-
sueLyser LT (Qiagen). RNA was isolated with Direct-zol
RNA Miniprep (Zymo Research) according to the manu-
facturer’s instructions. For human brain samples, RNA
purification was performed as previously described [97].
The quality and concentration of each extraction was
measured with Nanodrop ND-1000 spectrophotometer
(Thermo Fisher Scientific).

circRNA-sequencing (circRNA-seq)

RNA from spinal cord samples of 50-day-old WT (n=38)
and SOD1G93A (n=8) mice was quality controlled using
Agilent Bioanalyzer (Fig. S3) and 2 g of total RNA was
used as input material for circRNA-seq analysis per-
formed by Novogene Bioinformatics Technology Co.,
Ltd (Beijing, China). The experimental procedure con-
sisted of ribosomal RNA depletion, RNase R digestion
to eliminate non-circular RNAs, double-stranded cDNA
synthesis, adapter ligation, second-strand cDNA elimina-
tion, first-strand cDNA purification for PCR, and finally
sequencing with Illumina HiSeq™ 2500 (Illumina) using
the 150 bp paired end sequencing strategy. The reads
were cleaned by removal of adapter sequences, as well
as those reads with N>10% and low-quality reads where
reads with quality values Q <=5 and the number of bases
accounting for more than 50% of the entire read. Finally,
reads only observed in one mouse and those where aver-
age read count across all samples was less than one were
filtered out. circRNAs were identified and annotated by
CIRCexplorer [98], DESeq2 [99] was used for the differ-
ential expresssion analysis. The normalized expression
of circRNAs in each sample are calculated based on the
TPM method where the normalized expression equals
to readCount * 1,000,000 / library size (total sample cir-
cRNA readcount). Data quality summary, raw counts
and TPM normalized counts are given in Supplemen-
tary Material 2 and the FASTQ files are available in Gene
Expression Omnibus (GSE289637).
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cDNA synthesis and quantitative PCR (qPCR)

From each sample, 100 ng (CNS) or 200 ng (muscle) of
total RNA was used as template for retro-transcription
(RT) with SuperScript™ VILO™ c¢DNA Synthesis Kit
(Thermo Fisher Scientific), following the manufacturer’s
protocol. Next, circRNA and mRNA levels were quanti-
fied by qPCR using PowerUp SYBR Green MasterMix
(Thermo Fisher Scientific) and a set of mouse (Table
S2) or human (Table S3) specific primers. Average cycle
threshold (Ct) values for each circRNA across differ-
ent tissues are provided in Table S4. GAPDH and ACTB
were measured for sample normalization [100] and rela-
tive expression changes were determined by the 2744t
method.

Statistical analysis

Statistical analysis and figure generation were con-
ducted using GraphPad Prism version 8.0.1 software.
ANOVA and Student’s t-tests were applied to compare
four (stages) and two (genotypes/tissues/control and ALS
patients) groups, respectively. Pearson correlation analy-
sis was performed to evaluate the relationship between
circRNA levels and host gene expression. Differences
were considered statistically significant at p <0.05 (*) and
highly significant at p<0.01 (**), p<0.001 (***), p <0.0001
(%’»"'ﬁ"ﬁ"ﬁ)'

Abbreviations

ACTB Actin beta

AD Alzheimer’s disease

ADAR Adenosine deaminases acting on RNA
ALS Amyotrophic lateral sclerosis

ALS2 Alsin Rho guanine nucleotide exchange factor ALS2
C90RF72 Chromosome 9 open reading frame 72
cDNA Complementary DNA

CDR1 Cerebellar degeneration related 1
circRNA Circular RNA

circRNA-seq  circRNA sequencing

CIRNA Circular intronic RNA

CNS Central nervous system

DBR1 RNA lariat debranching enzyme

DM1 Myotonic dystrophy type 1

DMD DUCHENNE muscular dystrophy

DPR Dipeptide repeat proteins

fALS Familial ALS

FUS Fused in sarcoma

GAPDH Glyceraldehyde 3-phosphate dehydrogenase
iPSCs Human induced pluripotent stem cells
miRNA microRNA

ncRNA non-coding RNA

PD Parkinson’s disease

QD Quadriceps

gRT-PCR Quantitive real time-PCR

RBPs RNA-binding proteins

SALS Sporadic ALS

SC Spinal cord

Scl Spinal cord injury

SOD1 Cu-Zn superoxide dismutase 1
TARDBP TAR DNA binding protein

TG Transgenic

TGFB2 Transforming growth factor beta 2

WT Wild type
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Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512864-025-11725-4.

Supplementary Material 1: Supplementary tables (characteristics of
patients, primer sequences, and average Ct values for different tissues) and
supplementary figures (relative circRNA expression normalized to 50 days,
correlation analyses between 12 circRNAs and their host gene expression,
and RNA quality control used for circRNA-seq).

Supplementary Material 2: Circular RNA-Seq Data Summary.
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