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Abstract

MicroRNAs (miRNAs) are small, ~21- to 23-nucleotide (nt) non-coding RNA species that act as
key regulators of gene expression along a central and well-defined cellular process known as RNA
silencing, and involving the recognition and translational control of specific messenger RNA
(mRNAs). Generated through the well-orchestrated and sequential processing of miRNA precursor
molecules, mature miRNAs are subsequently incorporated into miRNA-containing
ribonucleoprotein effector complexes to regulate mMRNA translation through the recognition of
specific binding sites of imperfect complementarity located mainly in the 3’ untranslated region.
Predicted to regulate up to 90% of the genes in humans, miRNAs may thus control cellular
processes in all cells and tissues of the human body. Likely to play a central role in health and
disease, a dysfunctional miRNA-based regulation of gene expression may represent the main
etiologic factor underlying diseases affecting major organs, such as the brain. In this review article,
the molecular mechanisms underlying the role and function of miRNAs in the regulation of genes
involved in neurological and neurodegenerative diseases will be discussed, with a focus on the
fragile X syndrome, Alzheimer’s disease (AD) and prion disease.

Keywords
Brain; microRNA; RNA silencing; gene regulation; neurological diseases

1. Biogenesis and function of microRNAs

The microRNA (miRNA)-guided RNA silencing pathway is a recently discovered gene
regulatory process present in eukaryotic cells and based on small, ~21- to 23-nucleotide (nt)
non-coding RNAs, known as miRNAs. Our current knowledge on the biogenesis and action
of miRNASs in humans has been reviewed recently (Bartel, 2009).

Encoded by the genome of nucleated cells, miRNA genes are transcribed, either by RNA
polymerase Il (Lee et al., 2004) or 111 (Borchert et al., 2006), into long RNA transcripts that
fold on themselves to form primary miRNAs (pri-miRNAs). These RNA species are
recognized and trimmed into miRNA precursors (pre-miRNAS) by the nuclear ribonuclease
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I11 (RNase I11) Drosha (Lee et al., 2003), acting in concert with the DiGeorge syndrome
Critical Region gene 8 (DGCRS) protein within the microprocessor complex (Denli et al.,
2004; Gregory et al., 2004; Han et al., 2004). After being exported to the cytoplasm via
Exportin-5 (Lund et al., 2004; Yi et al., 2003), pre-miRNAs are processed by the pre-
miRNA processing complex, composed of the RNAse I11 Dicer (Provost et al., 2002; Zhang
et al., 2002) and its cofactor TAR RNA binding protein (Chendrimada et al., 2005; Haase et
al., 2005), into a miRNA:miRNA* duplex. The forming ribonucleoprotein (RNP) complex is
then joined by the Argonaute 2 protein, and the miRNA guide strand is selected, based on
the relative stability of the duplex extremities, to form a miRNA-containing RNP (miRNP)
complex (Chendrimada et al., 2005). The associated miRNAs confer to the miRNP
complexes the ability to recognize cellular messenger RNAs (MRNAS) through specific
binding sites generally located in the 3" untranslated region (UTR), guiding the miRNPs for
the regulation of specific mMRNAS, as reviewed previously (Kim, 2005; Zamore and Haley,
2005). The targeted mRNAs will be cleaved and degraded if the complementarity between
the miRNAs and their binding site is perfect, or its translation regulated if the
complementarity is imperfect (Bartel, 2004). In this latter case, the repressed mRNAs are
translocated to the P-bodies, after which they are either degraded or returned to the
translational machinery for expression upon a specific cellular signal (Bhattacharyya et al.,
2006; Liu et al., 2005). Although miRNAs are known mainly as repressors of gene
expression, they have also been shown to enhance mRNA translation under specific cellular
conditions (Vasudevan et al., 2007).

2. MicroRNAs in health and disease

Involving relatively few protein components, this complex and well-integrated regulatory
circuit plays a key role in modulating a plethora of mMRNA targets (Perron and Provost,
2008). Predicted to regulate up to 90% of the genes in humans (Miranda et al., 2006),
miRNAs may control every cellular processes in all cells and tissues of the human body!
Involved in the fine tuning of gene expression, a normal miRNA function is required for a
tightly regulated expression of the cellular proteins (see Figure 1A), which is critical for the
maintenance of health and prevention of disease, as discussed in Perron et al. (2007). In
contrast, deregulated protein expression induced by a dysfunctional miRNA-based
regulatory system may represent the main etiologic factor underlying diseases affecting
major systems, including the central nervous system (CNS).

For instance, a deregulated miRNA control of mMRNA translation may occur when the
function of a core protein component of the miRNA pathway is compromised, i.e. is the
subject of a deletion, mutation or misexpression. In this situation, a global negative impact
on miRNA biogenesis and/or function is observed, as in the case of the fragile X mental
retardation protein (FMRP) in the fragile X syndrome (see section 4) (Plante and Provost,
2006) and of the behavioral and neuronal deficits associated with haploinsufficiency of the
Dgcr8 gene (Stark et al., 2008).

A loss of miRNA control may also result from the deletion, mutation or misexpression of a
miRNA, or that of its corresponding binding site, in a sequence of events leading to
miRNA:miRNA binding site pairs becoming dysfunctional or to new miRNA:miRNA
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binding site functional combinations emerging. The ensuing deregulation of mMRNA
translation may then lead to misexpression, i.e. either downregulated or upregulated
expression, of a specific protein and provoke the development of a disease (Perron et al.,
2007), which may be the case of the B-amyloid precursor protein (APP)-converting enzyme
(BACE) in Alzheimer’s disease (AD) (see section 5) (Boissonneault et al., 2009). Hence the
relevance of using miRNAs as biomarkers and therapeutic targets/drugs in human diseases
affecting major organs, such as the brain.

3. MicroRNAs in neurological and neurodegenerative diseases

Compelling evidences now link miRNAs to the control of neuronal development and
differentiation, as recently reported by Decembrini et al. (2009). In that study, a set of 4
miRNAs (miR-129, miR-155, miR-214 and miR-222) was found to repress translation of
mMRNAs encoding for Xotx2 and Xvsx1, which directs the differentiation of late retinal
progenitor cells into bipolar neurons in Xenopus. The interest in the functions of mMiRNASs in
the CNS has also expanded to include their roles in neurodegeneration, of which little is
known. Investigations have begun to reveal the influence of mMiRNAs on both neuronal
survival and the accumulation of toxic proteins that are associated with neurodegeneration
(Eacker et al., 2009). For instance, conditional Purkinje cell-specific ablation of the key
miRNA-generating enzyme Dicer in mice was associated with a progressive loss of
miRNAs, followed by Purkinje cell death, cerebellar degeneration and development of ataxia
(Schaefer et al., 2007). In addition to provide evidence for an essential role of miRNAs in
survival of differentiated neurons, these findings support the involvement of miRNAs in
neurodegenerative disorders, a topic that was reviewed recently (Hebert and De Strooper,
2009).

Ongoing investigations are also providing clues as to how the accumulation of toxic proteins
thought to be the cause of many neurodegenerative conditions, such as Ap and the prion
protein, cause cell death. One possible mechanism may involve interference with the
miRNA regulation of specific mMRNAs encoding key, pro-survival proteins (Eacker et al.,
2009).

4. MicroRNAs and the fragile X syndrome

In humans, the FMR (fragile mental retardation 1) gene, which spans ~38 kb in the q27.3
region located at the tip of the X chromosome long arm, encodes for a protein known as
FMRP. Detected in practically every tissue in humans and rodents, with high levels in the
brain, testes, esophagus, lung, and kidney, FMRP is an RNA-binding protein containing two
K-homology (KH) domains and an RGG box, and which is involved in regulation of mMRNA
translation, RNA transfer, and local modulation of synaptic mRNA translation (Khandjian,
1999). FMRP is associated with translating polyribosomes in neuronal cells (Stefani et al.,
2004) and acts as a negative regulator of translation (Li et al., 2001). Loss of FMRP
function, most often caused by the hypermethylation and consequent transcriptional
silencing of the FMR1 gene, due to an expansion of the trinucleotide sequence CGG located
in the 5"UTR, is the etiologic factor of the fragile X syndrome, which is characterized by
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mental retardation, autistic features and behavioral abnormalities (Penagarikano et al.,
2007).

A link between miRNAs and the fragile X syndrome was proposed when the Drosophila
homolog of FMRP was initially found to be associated with Dicer, Ago2 and miRNAs in
vivo (Caudy et al., 2002; Ishizuka et al., 2002). Subsequently extended to human cells in
culture (Jin et al., 2004), these findings raised the possibility that the fragile X syndrome
could result from a defects in the miRNA machinery. These observations were intriguing,
considering the ability of FMRP to recognize an abundant array of mRNAs harboring a G
quartet structure (Brown et al., 2001). Developing a bioinformatic program aimed to identify
MRNA targets of miRNAs, the creators of miRanda (available at: http://www.microrna.org)
obtained an unexpected experimental support regarding the validity of their method. When
analyzing their computational predictions in parallel with the data obtained from the micro-
array analysis of mRNA transcripts bound to FMRP-containing RNP complexes, they
observed a strong enrichment of predicted targets in mRNAs associated with FMRP in
mammals (John et al., 2004).

Expanding previous observations made on the DNA annealing and strand exchange
properties of FMRP (Gabus et al., 2004), we were able to link the nucleic acid chaperone
properties of FMRP to the miRNA-guided RNA silencing pathway. Using recombinant
proteins and 32P-labeled pre-miRNAs or mature miRNAs, we demonstrated that human
FMRP can act as a miRNA acceptor protein for the ribonuclease Dicer and facilitate the
assembly of miRNAs on specific target RNA sequences (Plante et al., 2006). Reporter gene
silencing assays, performed in FMRP-deficient or wild-type murine fibroblasts, revealed the
requirement of FMRP, a component of effector miRNP complexes, for optimal RNAI in
vivo. Together, these results led us to propose that suboptimal utilization of miRNAs, i.e.
miRNA:mRNA assembly and/or disassembly, may account for some of the molecular
defects in patients with the fragile X syndrome (see Figure 1B) (Plante and Provost, 2006).
Here, we need to take into consideration the fact that, in addition to repressing mRNA
translation, miRNP complexes may enhance mRNA translation under specific cellular
conditions, i.e. on cell cycle arrest, along a process involving the recruitement of an ortholog
of FMRP (FXR1) (Vasudevan et al., 2007).

Recently, the use of a phospho-specific antibody to FMRP (P-FMRP) unveiled that P-FMRP,
which is found associated with stalled untranslating polyribosomes, does not associate with
Dicer or Dicer-containing complexes in a coimmunoprecipitation strategy in transiently
transfected HeLa cells (Cheever and Ceman, 2009). These authors also showed that Dicer-
containing complexes bind FMRP at amino acids 496-503 and that phosphorylation disrupts
this association with a consequent increase in association with pre-miRNAs. Shedding new
light on the molecular function of FMRP within the miRNA pathway, these results suggest
that, in addition to regulating translation, phosphorylation of FMRP may regulate its
involvement in the miRNA pathway by modulating association with the miRNA-generating
enzyme Dicer (Cheever and Ceman, 2009).

More recently, FMRP was reported to regulate synaptic structure and function through its
association with miRNAs miR-125b and miR-132 (Edbauer et al.). In fact, Edbauer and
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colleagues found that the mRNA encoding for the NMDA receptor subunit NR2A is a target
of miR-125b and is specifically associated with FMRP in mouse brain. In hippocampal
neurons, NR2A expression is negatively regulated through its 3"UTR by FMRP, miR-125b
and a member of the Argonaute family of proteins, leading the authors to propose a link
between these findings and the altered synaptic plasticity observed in Fragile X patients
(Edbauer et al.).

5. MicroRNAs and Alzheimer’s disease

Alzheimer’s disease (AD) is a slowly progressing neurodegenerative disease that currently
affects ~2% of the population in industrialized countries and whose incidence is predicted to
increase dramatically over the next 40 years (http://www.alz.org) (Mattson, 2004). Affecting
cholinergic neurons, AD is characterized by the accumulation of plaques formed of short 8-
amyloid (AB) peptides in the hippocampal region of the brain (Mucke, 2009). Ap peptides
are produced upon proteolytic cleavage of APP by pB-secretase, also known as B-site APP-
cleaving enzyme 1 (BACEL), which contributes to the formation of these plaques (Vassar et
al., 1999). Accumulation of AP peptides may exert toxic effects and elicit an inflammatory
response that may contribute to impair the function of neurons and alter the integrity of the
microcircuits involved in learning, memory, and other cognitive functions.

Although a deficiency in AB clearance is certainly a possibility, an increased expression of
the Ap-producing enzyme BACE1 may also be an important contributor to the net
accumulation of AP peptides and AD progression (Hebert et al., 2008). This assertion is
supported by the observed dosage effect of BACEL in inducing AD (Rovelet-Lecrux et al.,
2006), suggesting that any alterations in BACE1 expression levels might contribute to the
disease.

The intriguing observations suggesting a role for miRNAs in the pathogenesis of AD
initially emanated from post-mortem analyses that revealed upregulation of BACE1
expression at the protein, but not at the mRNA, level in brains from patients suffering from
AD, as compared to brains from unaffected patients (Holsinger et al., 2002), in accordance
with a possible loss of BACE1 mRNA translational control. In an early study investigating
the miRNA abundance in the hippocampal region of fetal, adult and AD brain, Lukiw (2007)
observed an alteration in specific miRNA abundance in AD hippocampus, with miR-9 and
miR-128 being upregulated in AD versus adult brain. This prompted the author to suggest
that the misregulation of specific miRNAs in AD hippocampus may contribute to the
multiple gene expression changes that accompany neural degeneration. The caveat has to be
taken into account that, as brain tissues are composed of multiple neuronal, glial, vascular
and other cell types, the contributions of each brain cell type to miRNA production and
speciation remain to be elucidated (Lukiw, 2007).

These initial observations were followed by a string of papers addressing the relationship
between miRNAs and AD, and published within an 18-month period. Investigating miRNA
expression microarrays on RNA extracted from human brain tissue from the University of
Kentucky AD Center Brain Bank, and confirming their data by /n situ hybridization with
cross-comparison to neuropathology, the group led by Peter T. Nelson documented a
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significant decrease in neuronal miR-107 expression even in patients with the earliest stages
of AD (Wang et al., 2008). Interestingly, BACE1 mRNA levels, assessed on Affymetrix
Exon Array microarrays, tended to increase as miR-107 levels decreased in the progression
of AD. Computational analyses did predict the presence of several putative binding sites for
miR-107 in the 3"UTR of BACE1 mRNA, and at least one of these sites was proven to be
functionally regulated by miR-107 in reporter gene assays performed in transiently
transfected HeLa cells (Wang et al., 2008).

Soon after, investigating changes in brain miRNA expression profiles of sporadic AD
patients, Hebert and colleagues (2008) reported that several miRNAs potentially involved in
the regulation of APP and BACEL expression appeared to be decreased in diseased brain. As
miR-29a, miR-29b-1, and miR-9 were found to regulate BACE1 expression in reporter gene
assays performed in transiently transfected HeLa cells, the miR-29a/b-1 cluster was
significantly decreased in AD patients displaying abnormally high BACE1 protein levels
(Hebert et al., 2008). Providing support for a causal relationship between miR-29a/b-1
expression and AD, these findings led the authors to propose that loss of specific miRNAs
can contribute to increased BACE1 and AP levels in sporadic AD, as illustrated in Figure
1C.

We also observed a loss of correlation between BACE1 mRNA and protein levels in the
hippocampus of APPgy,/PS1 mice (Boissonneault et al., 2009), a murine model of AD.
Consistent with an impairment of miRNA-mediated regulation of BACE1 mRNA
translation, we were able to validate this hypothesis and demonstrate a role for two miRNAs,
i.e. mmu-miR-298 and mmu-miR-328, in the regulation of BACE1 expression in transiently
transfected murine neuronal N2a cells in culture. It is relevant to note that both Drosha and
Dicer mRNA levels were enriched in the hippocampus and the dentate gyrus of mouse brain
(Boissonneault et al., 2009), which are also the regions that are the most severely affected by
AP deposits in AD. The concept of a link between dysfunctional miRNA regulation of
BACEL1 expression and AD is supported further by the detection of miR-298 and miR-328 in
the hippocampus of APPg/PS1 mice, as well as by their decreased expression levels
during aging (Boissonneault et al., 2009).

Using a different mouse model of AD, Wang and colleagues (2009) identified, among an
array of 299 distinct miRNAs, a relatively highly expressed candidate miRNA, i.e. miR-34a,
that was differentially expressed in the cerebral cortex of APPswe/PSAE9 mice versus age-
matched controls. miR-34a has been inversely correlated with the protein level of Bcl2 in
these mice, and miR-34a expression was shown to inhibit B¢cl2 mRNA translation in
transiently transfected SH-SY5Y cells. As expected, neutralization of miR-34a function,
through locked nucleic acid (LNA)-modified antisense oligonucleotides, increased Bcl2
protein expression in these cells, which was accompanied by a decrease of active caspase-3.
Validating Bcl2 as a functional target of miR-34a, these results suggest that an abnormal
expression of miR-34a may contribute to the pathogenesis of AD, at least in part, through
modulation of Bcl2 expression (Wang et al., 2009).

When investigating the role of miRNAs in the etiology of AD, using established animal
models of the disease, the caveat has to be taken into account that the disease is induced

Brain Res. Author manuscript; available in PMC 2010 December 18.



1duosnue Joyiny YHID 1duosnuely Joyiny JHID

1duosnue Joyiny gHID

Provost

Page 7

independently of miRNAs; most often by introducing a mutation in the APP and/or
presenilin gene. Therefore, the results obtained from the use of such animals need to be
interpreted with caution, as the conditions related to the disease may also influence miRNA
levels and function. In that scheme, any changes in the level of specific mMiRNAs may
represent a consequence, rather than a cause, of the disease (the chicken or the egg
dilemma). Therefore, it would not be prudent to draw conclusions based solely on such data,
which would need to be validated in a more relevant, different experimental context.

In addition, when comparing data related to miRNA regulation of gene expression obtained
from different species (eg, human and mouse), it is important to consider that the miRNA
and mRNA sequences, as well as the miRNA binding sites they harbor, may not be
evolutionarily conserved. The analysis of the binding sites for miR-298 and miR-328, for
example, is rather complex and difficult because, in contrast to mice, human hosts four
different BACE mRNAs harboring different 3"UTR of various lengths and composition. In
addition, whereas the miR-328 sequence is perfectly conserved between mouse and human,
that of miR-298 is only 72% identical. This may explain, at least in part, some of the
discrepancies observed in the identity of the miRNAs that effectively regulate expression of
specific genes, such as BACEL.

Tracking the abundance and decay kinetics of specific miRNAs by miRNA array and
Northern blot analyses of human neural cells in primary culture and in short post-mortem
interval human brain tissues, Sethi and Lukiw (2009) noted a limited stability and relatively
short half-life (~1-3.5 h) for specific brain-enriched miRNAs. In short post-mortem interval
AD-affected temporal lobe neocortex, miRNA-9, miRNA-125b and miRNA-146a were
found to be significantly upregulated, an effect that was not seen in several related
neurological disorders (Sethi and Lukiw, 2009), leading the authors to propose that, unless
specifically stabilized, certain brain-enriched miRNASs represent a rapidly executed signaling
system employing highly transient effectors of CNS gene expression.

MiRNAs may also exert indirect effects and be involved in more complex networks of
regulatory mediators of importance in the pathogenesis of AD, as depicted by the specific
up-regulation of an NF-kB-sensitive miRNA, i.e. miR-146a, observed in human AD brains
(Lukiw et al., 2008). This miRNA shows a high degree of complementarity to the mMRNA
3’UTR of complement factor H (CFH), which is an important repressor of the inflammatory
response of the brain. An inverse correlation could be established between upregulated levels
of miRNA-146a and downregulation of CFH protein levels in AD brain. The use of an
antisense oligonucleotide to miRNA-146a in human neural (HN) cells in primary culture
confirmed the functionality of the binding sites for miR-146 in the CFH mRNA 3'UTR.
These data indicate that miR-146 may exert proinflammatory effects and illustrate the
potential for miRNA inhibitors as an effective therapeutic strategy against pathogenic
inflammatory signaling.

In nematodes, the homolog of APP, APP-like-1 (apl-1), has been reported also to functions
with and to be under the control of molecules regulating developmental progression.
Caenorhabditis elegans apl-1 shows significant genetic interactions with let-7 family
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miRNAs, which modulate the level of the apl-1 transcription (Niwa et al., 2008), suggesting
that Ap peptide formation is under miRNA control in living organisms other than mammals.

Representing a promising approach for the treatment of AD, siRNA-mediated targeting of
BACE1 mRNA has proven to be effective in down-regulating BACEL protein levels and
activity in cultured primary cortical neurons (Kao et al., 2004), as well as in a mouse model
of AD (Singer et al., 2005). Interestingly, baceZ-null mice do not demonstrate any
developmental problems or aberrant behavioral phenotypes, making of BACEL1 a potential
and attractive target for RNAi-based therapies against AD (Luo et al., 2001; Roberds et al.,
2001).

6. MicroRNAs and prion disease

The pathogenesis of prion diseases shares similarities with AD, as both are associated with
the accumulation of fibrillar aggregates of proteins, i.e. the prion protein or p-amyloid (Ap)
respectively, that are deleterious to neuronal function, as reviewed recently (Frost and
Diamond, 2009). However, prionopathies are unique among neurodegenerative diseases
because they are infectious. When the nonpathogenic form of the prion protein (PrPC) comes
into contact with a pathogenic prion protein conformer (PrPSC), it is induced to misfold in a
process along which the conformation of a PrPS¢ molecule is communicated to a native PrPC
protein (Pan et al., 1993). The pathogenic isoform of the cellular PrPC, or a closely related
molecule, is the causative agent of transmissible spongiform encephalopathies (TSE), that
comprise a group of neurodegenerative diseases including bovine spongiform
encephalopathy (BSE) in cattle, Scrapie in sheep, and Creutzfeldt-Jakob disease (CJD) in
humans. Although recent studies have highlighted prion-like mechanisms of propagation of
protein misfolding in other neurodegenerative diseases, such as AD (Frost and Diamond,
2009), the molecular mechanisms underlying prion-induced neurodegeneration, which
coincides with neuronal loss and leads to death of the host, remains to be clearly defined.

Recently, an avenue linking miRNAs with prionopathies has been proposed and explored.
Microarray and reverse transcription-PCR (RT-PCR)-based miRNA profiling analyses of
brains from mice infected with mouse-adapted scrapie revealed a deregulated expression for
more than 15 miRNASs during prion disease. Among these, miR-342-3p, miR-320, let-7b,
miR-328, miR-128, miR-139-5p and miR-146a were upregulated by more than 2.5 fold,
whereas miR-338-3p and miR-337-3p were downregulated in the same proportion (Saba et
al., 2008). Among these miRNAs, only one (miR-128) had previously been shown to be
deregulated in neurodegenerative diseases, suggesting a disease-specific pattern of
differentially expressed miRNAs associated with prion—induced neurodegeneration.

Computational analysis predicted numerous potential gene targets for the miRNAs
associated with prion disease, including 119 genes previously determined to be also
deregulated in mouse scrapie and whose deregulation of expression may be related to
miRNAs (Saba et al., 2008). Bioinformatic and biochemical integration of miRNA and
mRNA profiling identified further a correlation between miRNA expression and putative
gene targets involved in intracellular protein degradation pathways and signaling pathways
related to cell death, synapse function and neurogenesis (see Figure 1D) (Saba et al., 2008).
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Experimental validation of these miRNA and mRNA correlates may help clarify the
relationship between miRNAs and prionopathies, and shed new light on the molecular basis
of prion disease.

Upregulation of miR-342-3p was also observed upon microarray and RT-PCR analyses of
miRNA expression in the brains of bovine spongiform encephalopathy (BSE)-infected
cynomolgus macaques, used as a model for Creutzfeldt-Jakob disease (CJD) (Montag et al.,
2009). More importantly, the authors could show, in a pilot study, that hsa-miR-342-3p was
also upregulated in brain samples of human type 1 and type 2 sporadic CJD, suggesting that
miR-342-3p might be used as a novel marker of prionopathies in animals and humans.

The Prnp gene, that encodes PrPC, is not essential, as its invalidation led to transgenic mice
that are viable, apparently healthy, and resistant to challenge by the infectious prion agent,
thereby offering the possibility of downregulating Prnp gene expression as a potential
therapeutic approach to treat prionopathies (Tilly et al., 2003). The potential of using
therapeutic RNAs to this end was verified and confirmed by a study reporting an efficient
and highly specific reduction of PrPC levels in transfected cells expressing siRNAs directed
against the Prnp mRNA (Tilly et al., 2003).

These observations, made in a cell culture system using rabbit kidney epithelial RK13 cells
(Tilly et al., 2003), were recently transposed to transgenic mice in vivo. In this model, a
small regulatory RNA designed to target the Prnp mRNA and expressed at low levels using
the human Prnp promoter was found to downregulate the endogenous mouse Prnp gene
expression to an extent that appears to be directly related with the transgene expression level
(Gallozzi et al., 2008).

The RNAI targeting strategy can be refined further by introducing an artificial, single
nucleotide mismatch into siRNAs or short-hairpin RNAs (shRNAs) directed against mutant
alleles of the human Prnp gene, which appear to be associated with susceptibility to prion
diseases. This modified approach was recently shown to enhance discrimination between the
mutant and wild-type alleles in cultured HeLa and HEK293 cells (Ohnishi et al., 2008).
These data argue for RNA interference (RNAI) and allele-specific RNAI as attractive
therapeutic strategies to fight prion diseases.

7. Alzheimer’s and prion diseases share a microRNA commonality

The fact that miR-146a was found to be upregulated by independent groups, and in both AD
(Lukiw et al., 2008) and prion disease (Saba et al., 2008), is noteworthy and adds further to
the similarities between these two neurodegenerative diseases. Even when considering and
taking into account the relatively short half-lives of some miRNAs (~1 to 3.5 h), short post-
mortem interval human brain tissues from AD patients exhibited a significant up-regulation
of miRNA-146a that was not seen in the same brain regions affected with amyotrophic
lateral sclerosis (ALS), schizophrenia or Parkinson’s disease (Sethi and Lukiw, 2009),
whose pathogenesis is closely related to AD and prion disease in that it involves misfolding
and accumulation of fibrillar aggregates of proteins (Tau).
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The molecular mechanism underlying the relatively specific upregulation of miR-146a
commonly observed in AD and prion disease is intriguing and represents an interesting
matter of speculations that raise several questions: Does the upregulation of miR-146a
expression represent the chicken or the egg, i.e. is it the cause or the consequence of the
diseases? Could miR-146a be used as a simple biomarker or is it actively involved in the
pathogenesis of AD and prion disease? If so, is it involved in the etiology and/or in disease
progression? Among the possibilities that may be worth exploring, and that would involve a
transcriptional mode of regulation, is whether the accumulation of fibrillar, toxic proteins
may induce an inflammatory response and activate a signaling cascade leading to an
enhanced transcription of the miR-146a gene, increasing levels of miR-146a and
exacerbation of the disease. A posttranscriptional mechanism modulating miR-146a
expression (MiRNA processing or metabolism/stability), on the other hand, would lack the
observed specificity for miR-146a and appears less likely. Unless a different scenario, in
which the upregulation of miR-146a expression itself would represent an etiologic basis
common to both AD and prion disease, emerge. In any case, it would be most relevant to
expand the list of potential mRNA targets of miR-146a, as initiated with the identification of
complement factor H (CFH) by Lukiw et al. (2008), in order to get a privileged and novel
insight into the pathogenesis of neurodegenerative diseases.

8. Conclusion and perspectives

Considering the ability of miRNASs to target multiple genes for expression, their potential for
modulating neuroprotective mechanisms, and the deregulation of disease-specific subsets of
miRNAs, the prospect of using miRNAs as therapeutics as well as biomarkers in
neurological and neurodegenerative diseases is tantalizing (Saba et al., 2008). However,
further investigations are required in order to improve our understanding of the biological
role and importance of miRNAs in maintaining normal brain function, as well as of the
etiology and molecular basis of neurological and neurodegenerative disorders, such as the
fragile X syndrome, AD and prion disease, in which miRNAs may play a central role.
Research advances in these areas are key to ensure the development of efficient therapeutic
tools and strategies aimed at preserving, restoring or neutralizing global and/or specific
miRNA function in the brain of patients at risk of developing, or suffering from,
neurological and neurodegenerative diseases.
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Figure 1. MicroRNASs as a molecular basis for neurological and neurodegenerative diseases, such
as the fragile X syndrome, Alzheimer’s disease and prion disease

(A) A simplified schematic illustration of the microRNA (miRNA) regulation of messenger
RNA (mRNA) translation in human cells. (B) Suboptimal utilization of miRNAs, i.e.
miRNA:mRNA assembly and/or disassembly, may be caused by a deregulated expression of
fragile X mental retardation protein (FMRP), a protein component of the miRNA machinery,
and account for some of the molecular defects in patients with the fragile X syndrome. (C)
Loss of miRNA control of APP-converting enzyme (BACE1) mRNA may lead to enhanced
BACEL1 protein expression, with a corresponding increase in p-amyloid (Ap) formation and
deposition, which may favor the development of Alzheimer’s disease (AD). (D) Deregulated
levels of specific mMiRNAs have been reported in brains affected by prionopathies, which
may result in an altered expression of genes involved in cell death, synapse function, and
neurogenesis. Ago2, Argonaute 2; hsa, homo sapiens; miRNP, miRNA-containing RNP;
mmu, mus musculus.
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