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Amyotrophic lateral sclerosis (ALS) is an incurable motor neuron disease caused by upper and lower motor neuron

death. As aging is a major risk factor for ALS, age-related molecular changes may provide clues for the

development of new therapeutic strategies. Dysregulation of age-dependent RNA metabolism plays a pivotal role in

the pathogenesis of ALS. In addition, failure of RNA editing at the glutamine/arginine (Q/R) site of GluA2 mRNA

causes excitotoxicity due to excessive Ca  influx through Ca -permeable α-amino-3-hydroxy-5-methyl-4-

isoxazole propionic acid receptors, which is recognized as an underlying mechanism of motor neuron death in ALS.

Circular RNAs (circRNAs), a circular form of cognate RNA generated by back-splicing, are abundant in the brain

and accumulate with age. Hence, they are assumed to play a role in neurodegeneration. Emerging evidence has

demonstrated that age-related dysregulation of RNA editing and changes in circRNA expression are involved in

ALS pathogenesis.

amyotrophic lateral sclerosis  brain aging  circular RNA  RNA editing

1. Introduction

Amyotrophic lateral sclerosis (ALS) is characterized by progressive muscle weakness and atrophy due to

degeneration of both upper and lower motor neurons, resulting in death from respiratory failure within 2–4 years of

diagnosis . Since the risk of developing ALS increases drastically with age, the worldwide trend of increased

longevity is likely to contribute to the global rise in the incidence of ALS . Although various plausible mechanisms,

such as disruption of RNA metabolism, excitotoxicity due to dysregulation of glutamatergic signaling, epigenetic

modification, and dysfunction of the endoplasmic reticulum (ER) and mitochondria, have been proposed for the

etiology of ALS, the mechanisms underlying motor neuron death in patients with ALS remain elusive . Recent

advances in next-generation sequencing have identified at least 40 ALS-linked genes, including transactive

response DNA binding protein (TARDBP), fused in sarcoma (FUS), and chromosome 9 open reading frame 72

(C9ORF72) . Most ALS-linked genes encode proteins related to RNA metabolism, suggesting that the disruption

of RNA metabolism plays a key role in ALS pathogenesis .

Circular RNAs (circRNAs) are single-stranded RNA molecules circularized by the covalent joining of the 3′-end to

the 5′-end, known as back-splicing  and can be divided into three classes: circular intronic RNA (ciRNA), exonic

circRNA (ecircRNA), and exon–intron circRNA (EIciRNA) . CiRNAs are produced by canonical splicing and

escape from debranching enzyme, whereas ecircRNA and EIciRNAs are generated by back-splicing with the

assistance of complementary sequences between flanking intron and RNA-binding proteins (RBPs) . As their
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characteristic structure renders them resistant to degradation from the RNA decay machinery, circRNAs are highly

stable compared to their cognate RNAs. Notably, expression levels of circRNAs exhibit tissue-, development-, and

sex-specific patterns in mammals independent of their cognate RNAs . CircRNAs play important

roles in modulating a variety of biological processes in the nucleus and cytoplasm, and are involved in the

regulation of transcription, alternative splicing of pre-mRNA, and chromatin looping in the nucleus , while

acting as sponges of microRNAs (miRNAs) and RBPs in the cytoplasm, thereby regulating translation through the

prevention of binding between miRNAs or RBPs and their target RNAs .

Adenosine-to-inosine conversion of RNA (A-to-I RNA editing), a post- or cotranscriptional modification of RNA

catalyzed by adenosine deaminase acting on RNA (ADARs), occurs in various classes of RNAs, including miRNAs

and circRNAs, and plays an important role in complex CNS functions . RNA editing of intronic regions affects

RNA splicing and the biogenesis of circRNAs, whereas editing of exonic regions or miRNAs affects the translation,

localization, and stability of RNA . Excitotoxicity resulting from the dysregulation of glutamatergic

signaling via excessive Ca  influx through the alpha-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)

receptor is a plausible mechanism underlying motor neuron death in patients with ALS . The Ca  permeability

of AMPA receptors depends on the presence or absence of a glutamine/arginine (Q/R) site-edited GluA2 subunit

, indicating that the dysregulation of RNA editing is involved in the pathogenesis of ALS.

2. Age-Related Changes of circRNAs and RNA Editing

2.1. Age-Related circRNAs in the Brain (Figure 1)

Cellular senescence, a stress-induced state of indefinite growth arrest that increases with age, plays a role in

maintaining the survival of healthy cells, facilitates the removal of damaged cells , and is an antagonistic

response to the primary damage of cells and a marker of brain aging . Forkhead box O3 (FOXO3), a

transcription factor that plays a critical role in brain development and aging, is a longevity gene and is implicated as

a causative gene of neurodegenerative diseases . CircFOXO3, the circular form of FOXO3, sequesters

antistress or antisenescence proteins, thereby arresting the cell cycle and cell proliferation in concert with p21 and

cyclin-dependent kinase 2 . Increased expression of circFOXO3 is involved in cellular senescence in the

CNS, which may lead to neurodegeneration; however, a controversial report has shown that expression levels of

circFOXO3 are significantly decreased in the blood of elderly persons and in late passage primary culture cells .

CircPVT1, a circular form of an exon of PVT1, influences cellular senescence and neurodegeneration by changing

the expression levels of let-7 and miR-199-5a: let-7 regulates immune response, autophagy, and apoptosis 

, whereas miR199-5a regulates the expression levels of sirtuin1 (SIRT1) mRNA, which is associated with brain

aging and neurodegeneration resulting from the dysregulation of mitochondrial energy metabolism .
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Figure 1. Age-related changes in circRNAs within the brain. Aging causes cellular senescence and epigenetic

modification, and neuronal development involves neuronal maturation and synaptogenesis. CircRNAs, including

circFOXO3, circPVT1, and circDNMT1, are involved in cellular senescence, and epigenetic m A modification of

circRNAs increases with aging. During neuronal maturation, the expression levels of circRNAs associated with

dendric mRNA transport, synaptic membrane exocytosis, and synaptogenesis is increased.

Epigenetic modifications, such as DNA and RNA methylation, influence chromatin function, and their age-related

changes are associated with brain aging and neurodegeneration . RNA methylation is a major form of epigenetic

RNA modification, and the most common site is N -methyladenosine (m A) . CircRNAs regulate m A

modification, and conversely, an age-dependent increase in m A modification affects the biogenesis, stability,

translation, and biological function of circRNAs . Significant differences in the m A modification of several

circRNAs in Alzheimer’s disease model mice compared with control mice  suggest the possible involvement of

the m A modification of circRNAs in neurodegeneration, which still needs to be convincingly demonstrated. DNA

methyl-transferase 1 (DNMT1)-mediated DNA hypermethylation regulates age-dependent cell death in the brain

.

During neuronal maturation, the expression levels of most circRNAs, especially cognate mRNAs that are translated

into proteins related to dendritic mRNA transport and synaptic membrane exocytosis, are upregulated without

correlation to their cognate RNAs’ expression levels . Additionally, during synaptogenesis, many circRNAs

expressed in the brain are enriched in the synaptic space, and their expression levels are altered regardless of

their cognate linear mRNAs’ expression levels . Therefore, circRNAs play a pivotal role in neuronal

maturation and synaptogenesis independent of their cognate mRNAs , and perturbation of circRNA

expression may be a cause of neurodegeneration.

2.2. Age-Related RNA Editing
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Among the three ADAR proteins expressed in mammals, ADAR1 and ADAR2 have essential editing activities.

ADAR1 is ubiquitously expressed and is primarily responsible for RNA editing in repeat elements in noncoding

regions of mRNAs, whereas ADAR2, which is expressed highest in the CNS, is involved in recoding and editing in

protein-coding regions . ADAR3, which is highly enriched in oligodendrocytes in the brain, lacks editing

activity and instead acts as a negative regulator of RNA editing by sequestering the editing substrates of ADAR1

and ADAR2 . RNA editing within protein-coding sequences alters protein structure and function, leading to

alterations in multiple biological processes, including synaptic transmission and immune responses . RNA

editing is increased during development in the mammalian brain  and, conversely, decreased in age-related

diseases . These findings suggest a modulatory role for RNA editing in human aging.

3. ALS-Related Changes of circRNAs and Dysregulation of
RNA Editing

3.1. ALS-Related circRNA

CircRNAs are associated with brain aging and neurodegeneration, and the presence of disease-specific circRNAs

has been reported in the brains of patients with Alzheimer’s or Parkinson’s disease  as well as in the spinal cord

and muscles of patients with ALS .

Several ALS-linked genes encode RBPs, and the aberrant protein aggregation of RBPs is a pathological

characteristic of motor neurons in ALS. Therefore, the resulting disruption of RNA metabolism plays a key role in

ALS pathogenesis . FUS plays a critical role in splicing regulation, and subcellular mislocalization of FUS leads to

cell death-causing aberrant RNA metabolism in ALS motor neurons . The biogenesis of circRNAs is affected by

the interaction of FUS with intron-flanking back-splicing junctions without significant effects on the expression of

cognate linear RNAs . Additionally, the expression levels of several circRNAs are altered in induced pluripotent

stem cell (iPSC)-derived motor neurons of patients with ALS carrying the FUS  mutation compared with those

carrying FUS  , although the pathogenic significance and effects on motor neuron biology of the circRNA

expression changes in ALS patients carrying the FUS mutation remain unknown. The intronic hexanucleotide

(GGGGCC) repeat expansion (HRE) of C9orf72 is the most common genetic cause of ALS in Europe and America

 in which pathogenic roles of non-AUG translation-mediated production of toxic dipeptide repeat (DPR)

proteins and sequestration of RBP in nuclear RNA granules have been hypothesized .

Evidence suggests a role for circRNAs in the epigenetic modification of nucleic acids in ALS . Methyl-CpG

binding domain protein 2 (MDB2) binds to a fraction of hypomethylated genes and plays a pivotal role in

methylation-related transcription regulation . Knockdown of circKCNN2 (has_circ_0127664), a circular form of

potassium calcium-activated channel subfamily N member 2 (KCNN2), leads to the downregulation of MDB2 .

Expression levels of circKCNN2 are considerably reduced in the cortical neurons of patients with frontotemporal

dementia, exhibiting mislocalization of the transactive response DNA-binding protein of 43 kDa (TDP-43) from the

nucleus to the cytoplasm (TDP-43 pathology) as compared with those in control subjects .
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A pathogenic role for excitotoxicity resulting from excessive Ca  influx into motor neurons by GluA2-lacking Ca -

permeable AMPA receptor ion channels has been proposed in ALS . AMPA receptors are homo- or hetero-

tetramers of GluA1–GluA4 subunits. Their tightly regulated biogenesis, membrane trafficking, and degradation

result in well-regulated physiological CNS activity . The upregulation of GluA1 mRNA, which reduces the

proportion of the GluA2 subunit among the four subunits, is associated with excitotoxicity in the spinal cord and

iPSC-derived motor neurons of patients with C9orf72 ALS  and FUS knockdown mice . CircGRIA1

negatively regulates the expression levels of GluA1 mRNA and protein expression by competitively binding to the

promotor region of GRIA1 .

The dysfunction of the ER and mitochondria due to the alteration of ER–mitochondrial signaling is another

hypothesis for ALS pathogenesis . The ER physically contacts the mitochondria through specialized lesions

called mitochondria-associated membranes (MAMs), and studies have reported an association between MAM

disruption and the pathogenesis of various neurodegenerative diseases, including ALS . Mutations in

sigma nonopioid intracellular receptor 1 (SIGMAR1), which encodes the sigma-1 receptor (Sig1R), cause juvenile

ALS (ALS16), and mutant Sig1R loses its MAM-specific chaperone protein function . Overexpression of

Sig1R  mutant proteins induces neuronal cell death , and loss of wild-type Sig1R proteins induces the

collapse of MAMs in the motor neurons of Sig1R  mice . The significance of changes in the expression levels

of SigR1 in ALS has been inconsistently reported; expression levels of mutant Sig1R proteins (c672*51G > T) are

either elevated in leukocytes and the frontal cortex  or not different in primary lymphoblastoid cells derived from

patients with ALS carrying mutant Sig1R  .

3.2. Dysregulation of RNA Editing in ALS Motor Neurons

Evidence that elevated glutamate levels in the postmortem tissue and CSF of patients with ALS , the

loss of high-affinity glutamate uptake , and riluzole, an inhibitor of glutamate release, improve one-year survival

rates, especially in the late stages of ALS  has implicated excitotoxicity as a cause of ALS

pathogenesis. Among the subtypes of glutamate receptors, Ca -permeable AMPA receptors specifically mediate

the slow death of motor neurons, and the increase in their Ca  permeability results from the incorporation of the

Q/R site-unedited GluA2 subunit into their assembly.In the spinal motor neurons of patients with sporadic ALS, Q/R

site-unedited GluA2 is expressed because of the downregulation of ADAR2 . Motor neuron-specific

conditional ADAR2 knockout mice (ADAR2 /VAChT. Cre; AR2 mice) exhibit progressive motor dysfunction

with degeneration of motor neurons, resulting from excessive Ca  influx into motor neurons through Ca -

permeable AMPA receptors that have Q/R site-unedited GluA2 subunits . The death cascade initiated by

ADAR2 downregulation is specific to the motor neurons of patients with ALS and is not observed in other neurons

of patients with ALS or in the motor neurons of normal control subjects or patients with other neurological diseases

.

3.3. Aging, circRNAs, and RNA Editing in ALS
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Aging is a major risk factor for neurodegenerative diseases, and dysregulation of circRNAs and RNA editing with

aging are associated with neurodegenerative diseases, including ALS. Although evidence has demonstrated age-

associated changes in RNA editing activity and circRNA processing as described above, only some evidence has

demonstrated RNA editing of the exonic region of circRNAs or the role of RNA editing in the biogenesis of

circRNAs.

A-to-I RNA editing influences the biogenesis of circRNAs, and the complementary sequence across flanking

introns, which contains many Alu repeats, facilitates the formation of circRNAs. Editing sites in Alu repeats are the

main targets of ADARs . The expression levels of circRNAs correlate negatively with those of ADAR1

during neuronal differentiation without modulation of cognate RNAs .

Although a large fraction of brain circRNA is derived from the exonic coding region , whether the A-to-I sites in

circRNAs are edited by ADARs, similarly to those in their cognate RNAs, is unclear. It confirmed that the editing

efficiency at the Q/R site of circGRIA2 (has_circ_0125620), a circular form of GRIA2, changed in parallel with that

of the cognate GluA2 mRNA in cultured cells . Therefore, RNA editing of the exonic region of circRNAs may be

reduced as RNA editing of their cognate mRNA is dysregulated in motor neurons in sporadic ALS.

4. CircRNAs and the Dysregulation of RNA Editing as
Potential Biomarkers and Therapeutic Targets in ALS

4.1. Potential Biomarker Candidates for ALS

CircRNAs are most abundant in the brain and are stable after secretion into body fluids because of their distinctive

structure . As dysregulation of RNA editing increases the formation of circRNAs and extracellular total

circRNA levels , changes in the expression levels of circRNAs could be biomarker candidates for ALS.

Several studies have reported comprehensive changes in circRNA expression levels in tissues and sera derived

from patients with ALS . A study has reported reduced expression levels of circPICALM

(hsa_circ_0023919) and increased expression levels of circSETD3 (hsa_circ_0000567), circFAM120A

(hsa_circ_0005218), circHERC1 (hsa_circ_0035796), circTAF15 (hsa_circ_0043138), circ TNRC6B

(hsa_circ_0063411), and circSUSD1 (hsa_circ_0088036) in leukocytes from patients with ALS as compared with

healthy control subjects . Among these, hsa_circ_0000567 and hsa_circ_0063411 contain binding sites for

miR-9 and miR-641, respectively, the expression levels of which are shown to change in ALS patients , and

hsa_circ_0023919, hsa_circ_0063411, and hsa_circ_0088036 are potential diagnostic biomarkers because of their

high sensitivity and specificity to ALS .

4.2. Therapeutic Targets for ALS

A potential role for circRNAs in neurodegeneration has been proposed , and a circRNA-based therapeutic

strategy, such as the delivery or knockdown of circRNAs, has been put forward for ALS. Based on the hypothesis

that accumulated TDP-43 is toxic to neurons, intron-derived circRNAs resulting from the inhibition of the intron
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debranching enzyme (DBR1), which catalyzes the debranching of lariat introns, were tested, and inhibition of

DBR1 was found to suppress the toxicity of TDP-43 in yeast . Moreover, DNA methyl-transferases (DNMTs)

inhibitor improves motor function and extends the lifespan of superoxide dismutase 1 (SOD-1) mutant ALS model

mice , in which expression levels of DNMT1 are increased in the spinal cord. Recently, improved expression

levels of circRNAs via the extracellular vesicle-mediated delivery of circRNAs were demonstrated ;

therefore, the delivery of circRNAs or siRNA-mediated knockdown to improve the expression levels of circRNAs

has been developed as a potential future therapeutic strategy.

The dysregulation of RNA editing due to ADAR2 downregulation can also be a potential therapeutic target for ALS.

As the downregulation of ADAR2 explains many aspects of disease-specific pathological changes in sporadic ALS,

the restoration of ADAR2 activity and the reduction of excessive Ca  influx through abnormal AMPA are promising

therapeutic strategies for ALS. The delivery of ADAR2 cDNA using a neuron-specific promoter to motor neurons

with adeno-associated virus serotype 9 (AAV-9) in AR2 mice, a mouse model of sporadic ALS, markedly

suppressed progressive motor dysfunction without adverse effects .
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