
FROM GENETICS TO EPIGENETICS: IMPLICATIONS IN NEURODEGENERATIVE DISORDERS (P JIN, SECTION EDITOR)

MicroRNAs in Neurodegenerative Disorders

Shunliang Xu

Published online: 28 September 2012
# Springer Science+Business Media New York 2012

Abstract MicroRNAs (miRNAs) are a class of small, non-
coding RNAs (21–23 nucleotides in length) that can down-
regulate gene expression at the posttranscriptional level by
either degrading or blocking the translation of messenger
RNA targets. MicroRNAs are enriched in the brain and
expressed in a spatially and temporally controlled manner.
They play a key role in neuronal development, differentia-
tion, biochemical pathways, and synaptic plasticity, and
their expression is also tightly regulated. Mounting evidence
shows that aberrant expression and dysfunction of brain-
enriched microRNAs could be involved in the molecular
pathogenesis of neurodegenerative disorders, such as Alz-
heimer’s disease (AD), Parkinson’s disease (PD), Hunting-
ton’s disease (HD), and amyotrophic lateral sclerosis (ALS).
Here, we review recent research into aberrant miRNA ex-
pression in neurodegenerative disorders.
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Introduction

Neurodegenerative disorders are a heterogeneous group of
chronic progressive diseases characterized by neuronal dys-
function, progressive degeneration, and progressive neuronal
loss; with the aging of general population, their prevalence is

growing, and they are among the major contributors to dis-
ability and disease. Some of these disorders, such as spinocer-
ebellar ataxia (SCA), are caused by the inheritance of gene
mutations. In most cases, Alzheimer’s disease (AD), Parkin-
son’s disease (PD), amyotrophic lateral sclerosis (ALS), and
the prion diseases occur mainly sporadically. For some of the
“sporadic” neurodegenerative disorders, rare genetic predis-
positions have been identified: carriers of these alleles can
pass on the predispositions, and their offspring are at a rela-
tively high risk of developing the disease. Moreover, though
familial and “sporadic” idiopathic forms of the neurodegener-
ative disorders differ in several of their clinical features, it is
clear that some shared common pathways underlie the neuro-
degeneration associated with each [1–4].

Mounting evidence suggests epigenetic factors, such as
DNA methylation, histone acetylation, and noncoding
RNA, could make up a fine regulatory network to control
this critical process. Therefore, uncovering the functions of
noncoding RNAs could greatly improve our understanding
and treatment of human diseases. Noncoding RNAs, includ-
ing microRNAs (miRNAs), Piwi-interacting RNAs
(piRNAs), snoRNA, transcribed ultraconserved regions (T-
UCRs), and large intergenic noncoding RNAs (lincRNAs),
can shape diverse cellular pathways, from chromosome
architecture, development, and growth control to apoptosis,
and play a key role in neuronal development, differentiation,
biochemical pathways, and neurosynaptic plasticity [5].
Among these noncoding RNAs, microRNA is the most
widely studied. Increasing data show that aberrant expres-
sion and dysfunction of brain-enriched microRNAs specif-
ically targeting and regulating the expression of disease-
associated genes leads to neurodegeneration. Evidence for
the reverse is also emerging, whereby a disease-linked pro-
tein regulates the microRNA machinery as an important
mechanism that disturbs cellular homeostasis, accelerating
the development of neurodegenerative diseases [6••, 7].
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Here, we present an overview of microRNA biogenesis and
review recent studies on aberrant miRNA expression in
neurodegenerative disorders.

MicroRNA Biology

MiRNAs are small (~22-nucleotide) noncoding regulatory
RNAs known to regulate translation of target mRNA mol-
ecules in a sequence-specific manner. In mammals, most
endogenous miRNA genes are transcribed initially as pri-
mary transcripts (pri-miRNAs) that range from hundreds to
thousands of nucleotides in length, and contain one or more
extended hairpin structures [8••]. The nuclear RNase III
enzyme Drosha, working with DGCR8, cleaves both strands
near the base of the primary stem-loop and yields the pre-
cursor miRNA (pre-miRNA) (Fig. 1). After being exported
to the cytoplasm by exportin-5/RanGTP, pre-miRNAs are
further cleaved by the RNase III Dicer, along with a dsRNA-
binding protein, TAR RNA-binding protein (TRBP) [8••].
The Dicer-TRBP complex is also required for the processing
of short hairpin RNA (shRNA) into small interference RNA
(siRNA) of ~21 bp. After cleavage by Dicer and unwinding
by RNA helicase, one strand of the miRNA/miRNA* or
siRNA duplex (the antisense, or guide strand) is then pref-
erentially incorporated into the RNA-induced silencing
complex (RISC), while the other strand (the sense, or pas-
senger strand) is degraded (Fig. 1). The RISC is a large and
heterogeneous multi-protein complex. Known components
of the RISC include Dicer, TRBP, and Argonaute 2 protein
(AGO2) [8••].

The RISC uses the guide RNA to find complimentary
mRNA sequences via Watson–Crick base pairing, which leads
to posttranscriptional gene silencing (PTGS) through inhibi-
tion of either translation initiation or elongation [8••, 9•].
MiRNA could also negatively regulate protein expression by
targeting mRNA coding regions. Furthermore, miRNAs are
found to upregulate the translation of target mRNAs in a cell
cycle-dependent manner, switching between translational sup-
pression in proliferating cells to translational activation in
quiescent cells [10–12]. Hence, a single miRNA may simulta-
neously regulate the expression of multiple mRNA targets and
thereby act as a rheostat to fine-tune protein expression.

MicroRNA in Alzheimer’s Disease

Alzheimer’s disease (AD), the most common form of age-
related dementia, is described as a gradual, progressive
cognitive decline and dementia that results in the irrevers-
ible loss of neurons, especially in the cortex and hippocam-
pus. The major neuropathological features of AD are the
accumulation of extracellular senile plaques due to amyloid

beta 42 peptide (Aβ42) aggregates and the intracellular
neurofilament tangles (NFT) that are formed by hyperphos-
phorylated microtubule-associated protein tau. Aβ is de-
rived from the sequential cleavage of amyloid precursor
protein (APP) by β-site APP-cleaving enzyme 1 (BACE1)
and the γ-secretase complex. Although the precise patho-
logical mechanisms behind AD remain largely unknown,
accumulating evidence indicates that aberrant regulation of
miRNA-dependent gene expression is closely associated
with molecular events responsible for Aβ production, NFT

Fig. 1 MicroRNA biogenesis. Genes encoding microRNAs are ini-
tially transcribed by RNA polymerase II or III to generate the primary
miRNA transcripts (pri-miRNA) within the nucleus. The stem-loop
structure of the pri-miRNA is recognized and cleaved on both strands
by a Microprocessor complex, which consists of the nuclear RNase III
enzyme Drosha and an RNA-binding protein, DGCR8, to yield a
precursor miRNA (pre-miRNA), 60–70 nucleotides in length. The
pre-miRNA is then exported from the nucleus through a nuclear pore
by exportin-5 in a Ran-GTP-dependent manner and processed in the
cytoplasm by the RNase III Dicer-TRBP. Sliced RNA strands are
further unwound by an RNA helicase. One strand of the miRNA/
miRNA* or siRNA duplex (the antisense, or guide strand) is then
preferentially incorporated into the RNA-induced silencing complex
(RISC, or miRNP for miRNAs) and will guide the miRNP to a target
mRNA in a sequence-specific manner. Once directed to a target
mRNA, the RISC can mediate translational regulation by inhibiting
the initiation or elongation step, or via destabilization of the target
mRNA. Alternatively, miRNAs may also upregulate translation of
target mRNAs
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formation, and neurodegeneration [13, 14, 15••]. For exam-
ple, deregulation of miR-29b in the brain results in an
increase of apoptotic markers in AD. Besides its potential
role in apoptosis, miR-29 is also known to target BACE1. In
humans and transgenic mice, the overexpression of miR-29
decreased endogenous BACE1 levels and increased Aβ
production [15••]. Some miR-15 family members could
target the expression of extracellular signal-regulated kinase
1 (ERK1), a direct Tau kinase, and might participate in
neuronal Tau hyperphosphorylation in vivo [15••]. MiR-
107 targets the genes BACE1 and cofilin, a component of
the rod-like structures found in AD brains [16, 17•]. MiR-
107 can also induce cell cycle arrest, and cell cycle re-entry
is an early event in AD pathogenesis. Other evidence even
suggests that miR-107 directly targets Dicer [18]. miR-9
targets Neurofilament H and Sirtuin (SIRT1), which corre-
late with axonal conduction and tau posttranslational mod-
ification [19]. Besides amyloid precursor protein and
BACE1, others, such as serine-palmi toyltransferase
(SPTLC1) and key proteins in the apoptosis pathway of
AD, contain several miRNA target sites in their 3′-UTRs,
including miR-16, miR-101, miR-106a, miR-520c, miR-
137, and miR-181c [20]. More and more evidence suggests
that miRNA deregulation is an essential pathogenic mecha-
nism that can be induced by Aβ aggregation and contributes
to the progression and severity of AD.

MicroRNA in Parkinson’s Disease

Parkinson’s disease (PD), a common movement disorder, is
clinically characterized by progressive rigidity, bradykine-
sia, tremor, and impaired balance. The primary neuropatho-
logical feature of PD is degeneration of the nigrostriatal
dopaminergic pathway connecting the substantia nigra and
the striatum. Another is the deposition of inclusion bodies
(Lewy bodies) of α-synuclein (SNCA) in the substantia
nigra, and mutation in this principle protein is reported in
familial forms of PD. Mutations in SNCA, PARKIN,
UCHL-1, PINK1, DJ-1, and LRKK2 cause familial cases
of PD, although they account only for 5–10 % of patients
[21, 22]. The amount of α-synuclein in neurons is an im-
portant determinant of its tendency to aggregate pathologi-
cally and increase neuronal susceptibility [23–25].

Recent reports demonstrate that the α-synuclein (SNCA)
mRNA is under negative regulation by at least two brain-
enriched miRNAs: mir-7 [26] and mir-153 [27], which have
been shown to bind directly to the 3′-UTR of SNCA mRNA
[24, 28]. Whether human aging and/or environmental factors
alter miRNA expression levels in the midbrain and basal gan-
glia and therefore contribute to increased SNCA protein levels
and PD risk should be explored further. Besides that, miR-
133b, which physiologically targets Pitx3, a transcription factor

involved in dopaminergic neuron differentiation, is found to be
deficient in the PD midbrain, as well as in mouse models. A
negative-feedback loop consisting of Pitx3 and miR-133b has
been proposed, as Pitx3 induces transcription of miR-133b,
which in turn suppresses Pitx3 expression, suggesting miR-
133b function is a negative regulator of dopaminergic neuron
differentiation [29, 30••]. miR-34b/34c downregulation was
associated with a reduction in the expression of DJ1 and Parkin
proteins, which are decreased in several affected brain regions
in PD and incidental Lewy body disease and implicated in
oxidative stress balance and mitochondrial integrity and func-
tion [31]. In a Drosophila model, leucine-rich repeat kinase 2
(LRRK2) PD-associated mutations negatively regulate the
microRNAs, let-7 andmiR-184*, leading to the overexpression
of the E2F1/DP complex, which is involved in cell cycle and
survival control and can cause dopamine neuron degeneration
and impairment of locomotor activity, suggesting deregulated
synthesis of E2F1/DP caused by miRNA pathway impairment
is a key event in LRRK2 pathogenesis [6••, 30••].

MicroRNA in Amyotrophic Lateral Sclerosis (ALS)
and Frontotemporal Dementia (FTD)

Amyotrophic lateral sclerosis (ALS), the most common adult
motor neuron disease, is clinically characterized as atrophy and
paralysis of the lower limb and respiratory muscles due to
degeneration of motor neurons. Loss of corticospinal upper
motor neurons may produce stiffness (spasticity), abnormally
active reflexes, and pathological reflexes. Loss of prefrontal
neurons may result in special forms of cognitive impairment
that include, most commonly, executive dysfunction, but may
also include an altered awareness of the social implications of an
individual’s circumstances and, consequently, maladaptive so-
cial behaviors. In its fully expressed forms, the prefrontal dys-
function meets established criteria for frontotemporal dementia
(FTD), the second most common early-onset dementia [32–34].

Familial ALS and FTD share some common pathogenesis
on genes C9ORF72, VCP, and CHMP2B [33]. Moreover, the
RNA-binding proteins TDP43 and FUS have been strongly
implicated in both FTD and ALS. As an RNA-binding pro-
tein, TDP43 biochemically interacts with the miRNA-
processing enzyme Drosha, raising the possibility that TDP-
43 may play a role in miRNA processing [35, 36]. In a mouse
model of ALS, mice that are genetically deficient in miR-206
form normal neuromuscular synapses during development,
but the deficiency of miR-206 accelerates disease progression.
Since miR-206 is required for efficient regeneration of neuro-
muscular synapses after acute nerve injury, this probably
accounts for its salutary effects in ALS [20, 37]. MiR-9/9* is
another microRNA potentially implicated in motor neuron
disease; it is linked to the loss of spinal motor neurons
(SMNs) that leads to spinal muscular atrophy [38].
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MicroRNA in Huntington’s Disease

Huntington’s disease (HD) is a genetic progressive neuro-
degenerative disease caused by abnormal CAG expansion at
exon1 of the gene huntingtin (HTT) [39]. HTT associates
with Argonaute2 in P-bodies, expanded HTT may sequester
RNA processing factors in the cytoplasm, and depletion of
HTT impairs miRNA-mediated gene silencing. Repressor
element 1 silencing transcription (REST) factor, a major
pathogenic pathway in HD, interacts with wild-type HTT.
In pathological conditions, Htt mutation inhibits its interac-
tion with REST and provokes REST accumulation in the
nucleus of HD neurons, decreasing neuronal gene expres-
sion and leading to neuronal demise. As a transcriptional
repressor, REST is found to regulate several neuronal genes
and miRNAs. REST and its cofactor, coREST, possess
functional target sites for miR-9 and miR-9*, respectively,
and miR-9 and miR-9* (together with miR-7, miR-124,
miR-132, and other miRNAs) are downregulated in HD
patients [40, 41]. In addition, transcriptional repressors,
including REST together with TP53, E2F1, and GATA4,
could regulate the expression of 26 miRNAs in HD, and
the altered expression of 12 intronic miRNAs was corre-
lated with the expression of their target genes. Taken
together, miRNAs likely play an important role in HD
pathogenesis [42]. Recently, Monica et al. found CAG-
expanded HTT RNA can be processed to generate CAG-
repeated short RNAs with neurotoxic activity, and the
toxic effect of expanded HTT is dependent on RNA-
induced silencing complex (RISC) [43].

MicroRNA in Spinocerebellar Ataxia (SCA)

Spinocerebellar ataxia (SCA), previously known as autoso-
mal dominant cerebellar ataxia, is a group of close to 30
neurodegenerative diseases characterized by progressive in-
coordination of the limbs and trunk, unstable gait, dysarthric
speech, nystagmus, and other symptoms, such as extrapyra-
midal dysfunction, dysautonomia, cognitive impairment,
and motor and sensory impairments [44]. Six SCAs, includ-
ing the more prevalent SCA1, SCA2, SCA3, and SCA6,
along with SCA7 and SCA17, are caused by expansion of a
CAG repeat in the coding region of their respective associ-
ated genes [44]. SCA1 is caused by polyglutamine-mutant
ataxin 1 (ATX1); the level of the mutant protein affects
disease severity, and miR-19, miR-101, and miR-130 can
cooperatively lower the level of ATX1. In a cell culture
model, inhibition of these miRNAs leads to increments of
mutant ATX1, which enhanced cytotoxicity [45]. The
miRNA bantam (ban) is found to modulate the pathogenic-
ity of the human SCA3 model in Drosophila. The upregu-
lation of ban alleviates the polyQ toxicity induced by the

pathogenic polyglutamine protein ataxin 3, which is mutat-
ed in the human polyQ disease spinocerebellar ataxia type 3
(SCA3). Additionally, depletion of all the miRNAs by Dicer
mutation dramatically enhances pathogenic polyQ protein
toxicity in flies and human HeLa cells. The loss of Dicer and
the decay of miRNAs from mouse Purkinje cells via the
Purkinje cell-specific Pcp2 promoter-driven Cre recombi-
nase had no immediate impact on the early life of mice,
but the continuous lack of miRNAs led eventually to Pur-
kinje cell loss by apoptosis, and animals developed ataxia
with age [46]. For the other SCAs, the gene encoding
TATA-binding protein (TBP), which is mutated in SCA type
17 (SCA17), is found to be downregulated by miR-146a.
These studies suggest that miRNAs may be important for
neuronal survival in neurodegenerative disease [47].

Conclusion

Although the study of miRNA-mediated regulatory interac-
tion is still in its infancy and numerous questions remain
unanswered, the rapid expansion in our knowledge of miR-
NAs has opened up new avenues for neuroscience research
to explore the mechanisms behind neurodegenerative disor-
ders. With the great advances we have seen in sequencing,
detection, and function analyses, the field is poised to un-
cover new biomarkers and potential therapeutic pathways to
treat these debilitating diseases.
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