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Oxidative stress (OS) is defined as an imbalance between free radicals biogenesis and the cell antioxidant capacity to

eliminate them. In neurodegenerative diseases, OS play a central role altering mitochondrial metabolism, protein

synthesis, and inducing cellular malfunctioning. Most part of the human genome encodes for non-coding protein genes,

which are transcribed into non-coding RNA (ncRNA). Most of these ncRNAs are involved transcriptional and post-

transcriptional regulation of gene and their deregulation has been linked to diverse neurodegenerative disorders.  In this

review we compiled most recent evidences reporting a role of main types of ncRNAs in the regulation and management of

oxidative stress in Alzheimer's disease, Parkinson's disease, Huntington's disease and Amyotrophic Lateral Sclerosis. 
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1. Introduction

Neurodegenerative disorders are a heterogeneous class of diseases characterized by a slow, progressive neuronal

dysfunction and loss. The etiology of this class of diseases has not been fully elucidated, with highly complex and

multifactorial causes participating in disease onset and progression. Nevertheless, several lines of evidence suggest that

oxidative stress (OS) has a central role in this type of disorders. OS is the result of an imbalance between the increase in

reactive oxygen species (ROS) and the production of antioxidants to eliminate them. A variety of mechanisms involving

oxidative damage have been described in neurodegenerative conditions, including mitochondrial dysfunction, the

oxidation of nucleic acids, proteins and lipids, activation of glial cells, apoptosis, cytokines production and inflammatory

responses (Figure 1). The identification of molecular modifiers of the endogenous antioxidant activity is key to boost novel

therapeutic designs .

The advent of high-throughput sequencing technologies revealed that the human genome is pervasively transcribed; with

a large proportion corresponding to non-coding RNA (ncRNA) transcripts, the most abundant class of RNAs in cells .

ncRNAs have been classified according to their length and activity  with many classes revealed as essential regulators of

gene expression through a variety of mechanisms .

ncRNAs are especially abundant and diverse in the central nervous system (CNS), showing a highly specific and dynamic

temporal and spatial expression pattern that guides neurodevelopmental processes, including neural stem cell

proliferation and differentiation . In addition to their role in developmental processes, ncRNAs are key for the

maintenance and normal functioning of adult, post-mitotic neurons. Most studies have been focused on microRNAs

(miRNAs), the best-known class of ncRNAs. Although the roles for a progressively increasing number of ncRNAs are

continuously being uncovered, the biological functions of the vast majority remain unknown.

While the precise expression levels of ncRNAs are key for the normal function of the CNS, the deregulation of ncRNA

pathways have been linked to human disease, including neurodegenerative conditions . In the present

manuscript, we will provide an overview on the functional association between ncRNAs and the response to OS, a major

hallmark in neurodegenerative disorders, and we will review the OS–ncRNA axis in major neurodegenerative conditions.
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2. Regulatory Non-Coding RNAs in the Normal Function of the Nervous
System

NcRNAs are classified as housekeeping ncRNAs and regulatory ncRNAs. Housekeeping ncRNA are highly expressed

constitutively and ubiquitously and play crucial roles in routine cell maintenance; they include transfer RNAs (tRNAs),

ribosomal RNAs (rRNAs), small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs). Regulatory ncRNAs,

which are the focus of the present review, are characterized by a highly regulated and specific expression pattern, by their

activity as transcriptional and post-transcriptional gene expression modulators and their high sensitivity to cell needs .

Regulatory ncRNAs can be classified based on their length as long non-coding RNAs (lncRNAs; >200 nucleotides) and

short/small non-coding RNAs (sncRNAs; <200 nucleotides, usually between 18 and 40 nt) . Discoveries over the last 40

years have elucidated diverse functions for ncRNAs involving the regulation of mRNA expression stability and translation,

including splicing regulation, chromosome maintenance and segregation, and even the transmission of regulatory signals.

In particular, RNA biology is of paramount significance in the CNS. The development of CNS and brain morphogenesis is

a very complex spatiotemporal-organized process and requires an exquisite regulation of stem cell proliferation and

differentiation. The brain is the organ showing the highest diversity of regulatory ncRNAs , and their dynamic

expression and activity underlies CNS complex functions including neurodevelopment, synapse function, cell polarity and

maturation, and the responses to intra- and extracellular stimuli . In this section, we outline the role of the main classes

of regulatory ncRNAs in the development and correct function of the nervous system. 

2.1. microRNAs

microRNAs (miRNAs, ~21 nt), the most studied class of regulatory ncRNAs, were discovered in 1993 in C. elegans .

They are one of the main negative post-transcriptional regulators of gene expression. This regulation is achieved by the

direct, incomplete, base pair targeting of mRNAs, which results in the recruitment of diverse RNA-decay factors, or in

translation repression.

Although miRNA expression and correct biogenesis is important in the whole organism, they appear as indispensable

molecules for CNS development and adult brain function . In fact, the depletion of miRNA biogenesis-related proteins

Dicer-1 or DGCR8, strongly affects embryonic and neural development . Chmielarz and colleagues recently

reported that the specific removal of Dicer in dopaminergic neurons leads to the progressive degeneration of these cells in

mice striatum and consequent locomotor affectation . miRNAs also orchestrate neural signaling processes including

neurotransmitter release and dendrites and spines generation. Specifically, diverse evidence points to miRNAs as

important regulators of pre-synaptic and post-synaptic responses. 

miRNAs have likewise been studied in glial cells. Several works on murine cells and animal models have reported the role

of specific miRNAs in gliogenesis  and glial differentiation . Additionally, other miRNAs have been implicated in

cerebral immune response through the regulation of glial cell proliferation and microglial polarization , as reviewed by

Guo et al. .
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2.2. tRNA-Derived Fragments

tRNAs-derived fragments (tRFs) (<40 nt) are bioactive molecules classified according to their size and the part of the

mature tRNA from where they derive, as previously reviewed in Kumar et al. . tRFs can be constitutively produced

and/or induced as a result of cellular stress response pathways. Diverse nucleases are responsible for the biogenesis of

tRFs in vertebrates including RNase Z, Dicer and angiogenin (ANG). Under stress conditions, ANG produces a subtype of

tRNA halves (tRNA-derived stress-induced RNAs or tiRNAs) , and Dicer is involved in the biogenesis of tRFS derived

from the D loop or the 3′-end of mature tRNAs . However, the role of Dicer in tRF biogenesis may be limited, as its

depletion has little impact on tRF levels in multiple model organisms .

tRFs are highly abundant in the brain, where they accumulate during ageing , pointing these species as risk factors

in neurodegenerative conditions. Furthermore, tRF expression dynamics have been associated to stem cell

differentiation , denoting that the biogenesis of specific tRFs is an indicator of cell status and participates in biological

processes associated to particular physiological or pathological conditions.

Although tRFs’ heterogenous functions are not entirely understood, they regulate mRNA processing and translation,

controlling processes such as cell growth and differentiation . tRFs may could work as miRNA inhibiting gene

expression , and they can also regulate gene expression by competitively binding to AGO proteins, thus affecting the

silencing activity on target genes . Furthermore, tRFs repress translation through binding to ribosomal factors,

emphasizing their implication in multiple layers of gene expression regulation . Specific tiRNAs, derived from tRNA-Ala

and tRNA-Cys, have been shown to inhibit protein translation by assembling into a G-quadruplex-like structure (G4-motif)

and promoting stress granules formation . 

2.3. Long Non-Coding RNAs

The ENCODE project established the existence of 9000–50,000 lncRNAs in the human genome. Transcribed from

intergenic regions, from gene regulatory regions and from specific chromosomal regions by RNA polmymerase II, they are

usually subjected to capping and alternative splicing . lncRNAs’ main functions encompass the control of gene

expression at different levels—both transcriptional and translational—the control of chromatin folding and the recruitment

of chromatin modifiers . Nevertheless, although several lncRNAs have been well characterized to date, further

research is still required to understand their myriad of functions.

Forty percent of described lncRNAs have been reported in the CNS , where they participate in gene expression,

imprinting and pluripotency regulation, as reported by numerous studies . One of the first described lncRNAs

was H19, a paternally imprinted gene, whose importance in embryonic development and neural viability has been

established . Other lncRNAs, such as Evf2 and MALAT1, are highly abundant in neurons showing a dynamic

expression pattern in cell differentiation . NeuroLNC, a nuclear lncRNA, has been recently involved in synapsis

establishment . In addition, RMST1 functions as a guide-RNA for SOX2 transcription factor towards neurogenic

genes  promoting neural differentiation although it is also expressed in astrocytes . Similarly, Pnky lncRNA, a highly

conserved lncRNA, is very abundant in neural stem cells, regulating alternative splicing and cell fate decisions. Ramos

and colleagues described it as essential for neural cell differentiation and renewal . Another highly conserved lncRNA,

Cyrano, is as well enriched in the nervous system, being a very important molecule for embryonic stem cells

maintenance. Kleaveland et al. determined a whole functional circuit for Cyrano in which it represses miR-7 expression

and avoids CDR1-AS destruction, a circular RNA known to regulate neuronal activity . On the other hand, NEAT1, a

lncRNA mostly expressed in oligodendrocytes and astrocytes, regulates alternative splicing and has been related to the

neural response to stress.

2.4. Circular RNAs (circRNAs)

Circular RNAs (circRNAs), are the only type of ncRNA with covalently linked ends. Usually derived from protein-coding

genes and single-stranded, they are produced by a non-canonical form of splicing, the so-called back-splicing . This

extraordinarily stable class of ncRNAs have been found in diverse species, from prokaryotes to eukaryotes, being

expressed in a tissue-specific manner. circRNAs are generally found in the cytoplasm where they mostly act as miRNA

sponges . Other attributed circRNA functions comprise the regulation of riboproteins and RNA interaction, the transport

of miRNAs inside the cells or the regulation of cell differentiation and proliferation .

Similar to other ncRNAs, circRNAs are over-represented in the nervous system, showing a differential expression pattern

along neurodevelopmental stages and in the distinct brain regions. As recently reviewed somewhere else , the high

expression of circRNAs during neurogenesis and nervous system development has been already reported  and their

role in synaptic transmission has been widely explored .
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3. NcRNAs and Oxidative Stress Management in Neurodegenerative
Diseases

Diverse classes of ncRNAs are involved in OS signaling pathways. The general oxidation of RNAs, including the most

abundant classes of ncRNAs (rRNAs and tRNAs) is an early event in major neurodegenerative diseases (reviewed in ).

However, the understanding of the impact of oxidized rRNA on cell physiology is still very limited . Other classes of

housekeeping ncRNAs (snRNAs and snoRNAs) are also altered in response to ROS accumulation , with specific

species modulating the cell response to OS in cancer . Interestingly, defects in snoRNAs are associated with

neurodevelopmental disorders such as Prader–Willi syndrome . Moreover, several works have identified small RNA

molecules generated through the processing of snoRNAs (sno-derived RNAs), specifically involved in gene silencing .

Nevertheless, although snRNAs and snoRNAs are altered in neurodegenerative conditions, their direct involvement in OS

management and neuronal dysfunction needs further research efforts.

Compelling evidence exists involving the regulatory ncRNAs in OS-neurodegeneration pathways. Regulatory ncRNA

expression is sensitive to ROS accumulation, with these perturbations contributing to neuronal dysfunction and microglial

activation. miRNAs are the most intensively studied class, and different types are up- and downregulated in response to

OS; however, analogous studies regarding other classes of ncRNAs are scarce. The dynamic changes in the

concentration of specific ncRNA that target important genes for the control of ROS homeostasis and metabolism, together

with the intrinsic differential susceptibility of cells to ROS-damage, underlie the cell capability to cope with sustained ROS

production. This is particularly relevant in neuronal cells with increased susceptibility to OS as explained in the previous

section.

Specific ncRNA pathways regulating the cell response to OS are similarly altered in diverse neurodegenerative conditions,

which may underlie commonly perturbed pathways, including mitochondrial dysfunction and the spread of insoluble

protein inclusions. However, the altered activity of ncRNAs specifically targeting disease-related genes provides a

scenario highlighting the differences in the development and progression of the different neurodegenerative diseases

(Figure 2).

In this review, we have focused on regulatory ncRNA deregulation with direct implications in OS in the context of major

neurodegenerative conditions: Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD) and

amyotrophic lateral sclerosis (ALS). Thus being the overall conclusions from the works presented here: (1) OS plays a

major and early role in neurodegenerative diseases; (2) regulatory ncRNAs expression and activity dynamics regulate,
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directly and/or indirectly, gene expression networks involved in ROS homeostasis and buffering; (3) miRNAs are the best

known class of ncRNAs, but other types of regulatory ncRNAs, including lncRNAs, tRFs, and circRNAs, appear as novel

classes with a direct impact in OS modulation and neurodegeneration.

The entry is from 10.3390/antiox9111095
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