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Abstract
The central nervous system (CNS) is a remarkably complex organ system, requiring an equally
complex network of molecular pathways controlling the multitude of diverse, cellular activities.
Gene expression is a critical node at which regulatory control of molecular networks is
implemented. As such, elucidating the various mechanisms employed in the physiological
regulation of gene expression in the CNS is important both for establishing a reference for
comparison to the diseased state and for expanding the set of validated drug targets available for
disease intervention. MicroRNAs (miRNAs) are an abundant class of small RNA that mediates
potent inhibitory effects on global gene expression. Recent advances have been made in methods
employed to study the contribution of these miRNAs to gene expression. Here we review these
latest advances and present a methodological workflow from the perspective of an investigator
studying the physiological regulation of a gene of interest. We discuss methods for identifying
putative miRNA target sites in a transcript of interest, strategies for validating predicted target
sites, assays for detecting miRNA expression, and approaches for disrupting endogenous miRNA
function. We consider both advantages and limitations, highlighting certain caveats that inform the
suitability of a given method for a specific application. Through careful implementation of the
appropriate methodologies discussed herein, we are optimistic that important discoveries related to
miRNA participation in CNS physiology and dysfunction are on the horizon.
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Introduction
The anatomical and cytoarchitectural complexity of the central nervous system (CNS) is a
function of an equally sophisticated molecular framework. Derangements in tightly
regulated molecular pathways underlying this complexity are not surprisingly linked to
many CNS disorders and are currently a focus of intense investigation. As an example, there
is growing evidence that genetic and biochemical abnormalities may be shared among some
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neurodevelopmental, neurodegenerative and neuropsychiatric disorders across the lifespan
(Ray et al., 2011b; Sokol et al., 2011).

Gene expression is a critical node at which regulatory influences on molecular pathways are
exerted. As such, fleshing out the full complement of regulatory schemes responsible for
control of CNS gene expression should be a priority in the search for novel points of
intervention against CNS disorders. Elucidating these regulatory networks not only provides
a reference for exploring underlying etiologies but also expands the number of functionally
validated drug targets, the paucity of which is a current impediment for CNS drug discovery
(Krause and Chenard, 2008).

Insufficiency of current drug targets for CNS disorders: Alzheimer disease (AD) as an
example

AD is illustrative of the need for an expanded set of functionally validated drug targets in
CNS drug discovery. The disease itself is characterized by extracellular amyloid plaques
consisting primarily of fibrillar amyloid-β (Aβ) peptide and intraneuronal neurofibrillary
tangles composed of paired helical filaments of hyperphosphorylated tau (Nelson et al.,
2009). Synaptic loss occurs early in disease and appears to correlate with cognitive decline
better than other pathological findings (Terry et al., 1991). There are also functional
alterations in memory networks in the early phase of disease (Sperling et al., 2010) and
significant influences from multiple factors, including genetics and environment (Bertram et
al., 2010; Lahiri et al., 2009). Despite the focus on disease-modifying therapies, there have
been several recent clinical trial setbacks for phase three drugs directed against well known
AD targets (Becker and Greig, 2010; Sambamurti et al., 2011; Schneider and Lahiri, 2009;
The Lancet, 2010). Currently approved medications are not that effective and only modify
symptoms; there is still no approved medication that alters the progression of the disease
(Lahiri et al., 2003; Mangialasche et al., 2010; Raina et al., 2008; Schneider et al., 2011).
New putative biomarkers, therapeutic strategies and targets are being tested (Alley et al.,
2010; Bailey et al., 2011; Cogswell et al., 2008; Ray et al., 2011a) and are needed for
successful intervention (Lahiri, 2011).

Regulatory networks controlling expression of gene products implicated in AD
Our aim has been to clarify the regulatory networks that control expression of gene products
implicated in AD. The goal is to fully characterize the normal, physiological pathways with
the expectation they might serve as novel therapeutic targets for modulating disease
progression. Given the hypothesized centrality of the amyloid-β (Aβ) peptide to AD etiology
(Hardy and Selkoe, 2002), we have focused our efforts on those gene products involved in
Aβ production, especially the Aβ precursor protein (APP). The regulation of APP messenger
RNA (mRNA) expression has been extensively investigated. The promoter structure is
complex and consists of proximal and distal elements (Lahiri and Robakis, 1991; Pollwein
et al., 1992; Quitschke and Goldgaber, 1992; Song and Lahiri, 1998) that mediate both
constitutive and dynamic transcriptional expression (Ge et al., 2004; Lahiri and Nall, 1995).
Regulatory elements in the genomic 5′-UTR can drive APP promoter activity (Maloney et
al., 2004; Vostrov et al., 2010). Elements in the APP mRNA 5′-UTR also mediate post-
transcriptional regulation (Lahiri et al., 2005; Rogers et al., 1999, 2002). The APP 3′-UTR
contains several stability control elements that regulate APP mRNA stability (Zaidi and
Malter, 1994; Zaidi et al., 1994). Alternative polyadenylation of the APP 3′-UTR also
regulates transcript stability (Mbella et al., 2000). Therefore, there is a complex regulatory
network of trans-acting factors that act on a dense landscape of cis-elements located across
the APP genomic and transcript sequence to regulate its expression. However, this landscape
is still incomplete. We and others have begun to elucidate the contribution of microRNA
(miRNA) to this physiological regulatory network (Fan et al., 2010; Hébert et al., 2009; Liu
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et al., 2010; Long and Lahiri, 2011a, b, c; Vilardo et al., 2010). As with so many other gene
products, we are now realizing that miRNAs contribute integrally to the regulation of APP
expression and that there is much regarding miRNA control of APP to discover. Further,
studies have also demonstrated that miRNAs are dysregulated in neurons of the AD brain
and in the periphery and may contribute to disease etiology (Cogswell et al., 2008; Hébert et
al., 2008; Lukiw, 2007; Nelson and Wang, 2010; Nunez-Iglesias et al., 2010; Schipper et al.,
2007; Wang et al., 2008a)

MiRNAs are an abundant class of small, non-coding RNA (18–25 nucleotides (nt)) that
serve as potent mediators of post-transcriptional gene expression (Bartel, 2004). The current
estimated number of human miRNAs now exceeds 1400 (miRBase release 17) with greater
than 60% of all human mRNA predicted to contain conserved miRNA targets (Friedman et
al., 2009). However, in relation to this number of probable miRNA-mRNA regulatory
interactions, the number of known, validated targets is vanishingly small, along with the
depth of our understanding regarding the nature of miRNA gene expression regulation in the
CNS.

Scope of the review
Exploring the complement of miRNA that physiologically regulate AD- and other CNS-
relevant gene products is likely to reveal novel targets for manipulating the pathological
state. We will briefly review here a number of techniques that might be employed to study
miRNA regulation, discussing their advantages and drawbacks. This review will address
various experimental approaches from the perspective of an investigator studying the
physiological regulation of a gene of interest (GOI). This approach complements the
perspective of other miRNA studies attempting to identify targets and functional effects of a
miRNA of interest [for a review with this focus see (van Rooij, 2011)].

Biology of miRNA
Biogenesis, processing and function

The founding miRNA members, lin-4 and let-7, were originally identified in
Caenorrhabditis elegans (C. elegans) as regulators of developmental timing (Lee et al., 1993;
Reinhart et al., 2000; Wightman et al., 1993). Large scale cloning studies later identified a
plethora of miRNAs that are expressed across many species, including humans (Lagos-
Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001). Most miRNAs are
transcribed by RNA polymerase II as long primary transcripts (pri-miRNA) that form local
stem-loop structures harboring the mature miRNA sequence (Fig. 1) (Lee et al., 2004).
Following primiRNA transcription, the nuclear microprocessor complex, consisting of
Drosha and DGCR8 in human cells, cleaves the pri-miRNA, releasing the stem-loop
structure (pre-miRNA) from flanking RNA and leaving a 3′ 2-nt overhang (Han et al., 2004;
Lee et al., 2003). This newly formed pre-miRNA is exported from the nucleus by exportin-5
(Lund et al., 2004). In the cytosol, the complex of Dicer and TRBP in human cells binds the
pre-miRNA at the 2-nt overhang and cleaves the loop approximately 22-nt downstream
releasing the double stranded miRNA (Chendrimada et al., 2005; Hutvágner et al., 2001).
The miRNA is then incorporated into a microribonucleoprotein (miRNP) complex
(Mourelatos et al., 2002), also termed the RNA induced silencing complex (RISC) (Pratt and
MacRae, 2009) [summarized in Fig. 1].

The central effector protein of RISC is a member of the AGO subfamily of Argonaute
proteins (Peters and Meister, 2007). The guide strand of the double stranded miRNA is
loaded onto AGO while the passenger strand is generally degraded. The guide strand guides
the RISC to specific mRNA targets in animals by hybridizing with imperfect
complementarity to target sites generally located in the 3′-UTR. However, target sites
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require a near perfect match between the 5′ end of the miRNA (seed sequence) and target
transcript (Lewis et al., 2003). Less stringency is required at the 3′ end of the miRNA. AGO
then mediates gene repression by either destabilizing the mRNA transcript via deadenylation
or by repressing translation through numerous possible mechanisms (Filipowicz et al.,
2008). Recent studies suggest that mRNA destabilization is the primary mechanism by
which miRNA regulatory interactions reduce protein output (Guo et al., 2010; Hendrickson
et al., 2009). The mechanism of miRNA-mediated gene repression contrasts to that of
widely-used synthetic short interfering RNAs (siRNAs), which hybridize with perfect
complementarity to mRNA targets and induce endonucleolytic cleavage and degradation of
the transcript.

MicroRNA oxidation, turnover and stability
Control of miRNA steady-state levels is a function of pri-miRNA transcription, pri- and pre-
miRNA processing by the processing complexes, and regulated turnover of mature miRNA.
Unlike miRNAs, mRNAs are stabilized by the presence of a 5′ 7-methylguanylate cap and 3′
poly(A) tail that protect against exonuclease activity. Controls on mRNA stability are tightly
regulated and mRNA turnover modulates miRNA efficacy. A shorter mRNA half-life
generally correlates with reduced miRNA efficacy (Larsson et al., 2010). Conversely,
miRNA termini are exposed and appear to rely on interactions with AGO proteins (Wang et
al., 2008b) to stabilize against exonucleolytic degradation (Winter and Diederichs, 2011).

Recent studies have explored the half-life of miRNAs in various cell types and identified
great variability. In one study, miRNA half-life was measured in mouse embryonic
fibroblasts and bone marrow-derived macrophages following conditional Dicer ablation
(Gantier et al., 2011). The predicted half-life after controlling for dilutional effects of cell
proliferation was much longer than that of mRNAs and averaged around 119 h. Conversely,
two recent studies have identified much shorter miRNA half-lives in neuronal cell types
following inhibition of RNA polymerase II-based transcription. Analysis in primary neural
cell (HN) cultures and frozen human brain specimens revealed miRNA half-lives in the
range of 1–4 h (Sethi and Lukiw, 2009). Similarly short miRNA half-lives were observed in
retinal photoreceptors and cultured hippocampal and cortical neurons (Krol et al., 2010).
Together, these studies suggest that miRNAs are generally very stable in vivo but appear to
be under regulatory control in neurons that promotes rapid turnover.

Specific mechanisms by which metazoan cells control miRNA degradation and turnover
have been described but are just beginning to be explored (Kai and Pasquinelli, 2010; Siomi
and Siomi, 2010). In C. elegans, mature miRNA degradation was recently shown to be
mediated by the 5′-3′ exoribonuclease XRN-2 following dissociation of miRNA from RISC
(Chatterjee and Grosshans, 2009). Interestingly, increased levels of target mRNA protected
against XRN-2 mediated degradation suggesting that duplex formation in RISC may
stabilize miRNA. An additional control mechanism that appears to influence miRNA
stability is the addition of non-templated terminal nucleotides. The poly(A) polymerase
(PAP) GLD-2 monoadenylates miR-122 at the 3′ terminus resulting in increased miR-122
stability (Katoh et al., 2009). Conversely, the non-canonical PAP Tut4 polyuridylates pre-
let-7 at the 3′ terminus resulting in reduced pre-let-7 stability and reduced mature let-7 levels
(Heo et al., 2008, 2009). This interaction requires Lin28 proteins that act as processivity
factors for Tut4 (Yeom et al., 2011). Two recent studies have examined pre-miRNA
modifications at the transcriptome level and identified extensive mono and polynucleotide
additions and novel cleavage patterns indicating post-transcriptional nuclease modifications
(Burroughs et al., 2011; Newman et al., 2011). These studies demonstrate that post-
transcriptional modifications of pre-miRNA are widespread and suggest they may represent
a widely employed mechanism for miRNA stability control.
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RNAs are generally highly susceptible to oxidation, especially within highly oxidizing
environments as occurs in neurodegenerative disorders such as AD (Nunomura et al., 2009).
miRNA oxidation is an understudied phenomenon. As such, little is known as to whether
miRNA oxidation might modulate miRNA function and/or stability and is a topic in need of
additional study.

Experimental implications and quality control analysis
The rapid turnover of miRNAs in neuronal cell types has important implications for many of
the miRNA analyses to be described here as utilized for CNS samples. This finding suggests
a potent RNase pool active against miRNAs exists in neurons. In an intact cell, subcellular
sequestration and post-translational modifications of RNase proteins likely prevent
unwanted interactions with miRNAs. However, in most experimental miRNA analyses, the
cellular structure is purposefully disrupted in order to extract RNA molecules. Therefore,
cellular RNases are released from normal regulatory control of the cellular environment and
are free to interact in solution with substrate cellular RNAs. Given the robust nature of
RNase activity, most RNA extraction procedures employ chaotropic salts (i.e. guanidinium
thiocyanate) and strongly reducing conditions to denature proteins and eliminate RNase
activity following cellular disruption. However, if RNase activity is not completely
eliminated, RNA degradation will proceed and total RNA integrity (including miRNA) will
be low. Degradation of the miRNA pool may not occur in an unbiased manner and may
therefore lead to results that do not reflect the initial biological state.

As a result, one of the most critical steps in any miRNA workflow (such as the one
described below) is to ensure high quality of the RNA extract prior to performing any
analyses that measure or otherwise require intact miRNA. Generally, the same quality
control measures used for standard RNA analyses are applicable to extracts containing
miRNAs. Quality control measures that must be assessed prior to any miRNA measurement
include spectrophotometric analysis of RNA extract concentration and purity and
electrophoretic analysis of RNA integrity. Ultraviolet absorbance spectra provide
information on purity of extraction procedures with regard to contaminants such as protein,
chaotropic salts and phenol. Agarose electrophoresis has been historically used to assess for
RNA degradation by analyzing the ratio of 28S:18S ribosomal RNA levels. A ratio of
approximately two is generally an indication of high RNA integrity. A more state-of-the-art
approach utilizes capillary electrophoresis with a lab-on-chip design (e.g. Agilent
Bioanalyzer 2100) to generate electropherograms and virtual gels that enable the assessment
of 28S:18S ratios. A novel scoring algorithm, the RNA integrity number (RIN), based on
multiple features of the electropherogram has been developed to provide a more nuanced
assessment of RNA integrity and is widely used (Schroeder et al., 2006). One study has
found that samples with RIN values less than five provide unreliable quantitative PCR
results and should be discarded (Becker et al., 2010). However, the exact RIN threshold
between high and low quality must be determined for a given application. Finally, for
specific assessment of the small RNA component within an RNA extract, a small RNA chip
is available for use in the Bioanalyzer that specifically resolves the small RNA fraction.
However, a recent study has found that RNA degradation from large RNA species can
significantly contaminate the analysis if the total RNA integrity is not very high (Becker et
al., 2010).

An important point for CNS miRNA analyses of post-mortem human specimens is that post-
mortem interval (PMI) is a crucial variable that must be controlled between groups. A longer
PMI in an experimental group is likely to lead to enhanced RNA degradation in those
samples. This may generate falsely low measured miRNA values relative to groups with
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shorter PMI. Therefore, short PMI is ideal and, at minimum, PMI should be controlled
between experimental groups.

General approach for studying miRNA regulation of GOI
To elucidate the physiological regulation of a GOI by miRNA, we present the following
workflow: i) identification of putative miRNA target sites within the transcript, ii) functional
validation of these putative regulatory interactions, iii) confirmation of miRNA expression
in the model of choice, iv) assessing the physiological relevance of these regulatory
interactions by blocking the interaction between miRNA and target site, and v) testing the
effect on a relevant downstream pathway of interest. A more unbiased workflow would
make no assumptions about putative miRNA target sites and simply screen a complete
library of all known miRNAs for regulatory effects on GOI using an optimized high
throughput assay. These types of library screens are often employed to detect effects on a
specific phenotype or pathway of interest (Lam et al., 2010) but could be modified with the
proper adaptations to detect a specific GOI. However, the costs, logistics, and time required
for assay optimization are extensive. In most cases, the standard workflow described below,
with its biases and caveats in mind, is sufficient to identify novel regulatory controls on the
GOI.

Identifying putative miRNA target sites
The first step in the workflow for elucidating miRNA networks that physiologically regulate
gene products implicated in CNS disorders is to identify putative miRNA target sites in the
transcript of interest. In lieu of performing unbiased miRNA screens as described above, this
step is necessary to filter the list of miRNA that may contribute to the physiological
regulation of the GOI to those with plausible recognition elements located within the
transcript. There are two general approaches to identifying these putative target sites: i)
computational predictions, and ii.) experimental methods for detecting physical interactions
between miRNA and mRNA in a regulatory context. Computational predictions utilize
algorithms to scan transcript sequences (generally limited to the 3′-UTR) for putative sites
of interaction with miRNA, whereas the experimental methods utilize pull-down assays to
detect physical interactions between miRNA, AGO proteins and specific transcript sites.
Since neither of these approaches assesses the functionality of miRNA interactions with
putative target sites, validation experiments must be pursued to confirm regulatory effects
mediated by miRNA and the specificity of the putative target sites.

Bioinformatic predictions of miRNA target sites
Many bioinformatic predictor algorithms have been developed for identifying putative
miRNA target sites located within mRNA transcripts and are implemented within web
servers utilizing easy-to-use graphical interfaces for quick compilation of putative target
sites. Most interfaces offer the flexibility of at least two different search formats: 1)
predicted global mRNA targets for a miRNA of interest, or 2) predicted miRNA target sites
located within a transcript of interest. For studies focused on CNS-relevant GOI, the latter
format would be the search method of choice. Computational prediction of miRNA target
sites in animals is not a trivial pursuit. The tolerance for imperfect complementarity between
miRNAs and mRNA target sites means that simple complementarity scanning approaches
are inadequate. In short, each algorithm is based upon unique principles or assumptions
making direct comparisons between prediction sets sometimes difficult. There are some
common parameters that a majority of the algorithms assess to varying degrees when
predicting putative target sites. These include seed sequence complementarity, the free
energy of duplex formation, cross-species conservation at the target site and local sequence
context surrounding the target sites. There are too many algorithms than can possibly be
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reviewed here; we will focus on those predictors commonly used in the field and those
demonstrated to produce the most accurate predictions (Baek et al., 2008; Selbach et al.,
2008).

TargetScan algorithm
The era of computational miRNA target site prediction began in 2003 with the release of the
TargetScan algorithm (Lewis et al., 2003). This algorithm was based upon empirical studies
of early C. elegans miRNA-target site interactions and defined a 7-nt seed sequence at the 5′
end of the miRNA. Strict complementarity between target transcript and miRNA at this seed
sequence site is the initial basis for making predictions in the algorithm. TargetScan then
assesses for mRNA-miRNA duplex formation outside of the seed sequence using
thermodynamic free energy considerations. The algorithm requires cross-species
conservation at predicted target sites based on the assumption that physiologically relevant
interactions would be under strict evolutionary pressures to maintain complementarity.
Further refinements to the algorithm, based on favored sequence contexts (Grimson et al.,
2007; Lewis et al., 2005), and to the quantitative methods for assessing cross-species
conservation (Friedman et al., 2009), have improved algorithm reliability with each release.

PicTar algorithm
PicTar utilizes a similar seed sequence strategy to identify target sites but allows for small
imperfections in the complementarity of the seed sequence (Krek et al., 2005). The
algorithm then filters for duplex thermodynamic stability and cross-species conservation.
Following filtering, the algorithm computes probabilities that a given site binds a miRNA
and uses a maximum likelihood model to compute the likelihood that a given UTR is
targeted by combinatorial interactions of miRNAs.

DIANA-microT algorithm
DIANA-microT 3.0 is the latest iteration of a predictor algorithm that, like TargetScan and
PicTar, is based on seed sequence complementarity (Kiriakidou et al., 2004; Maragkakis et
al., 2009a, b). The algorithm searches for perfect complementarity beginning at position 1 or
2 of the 5′ end of the miRNA and extending 7–9 nucleotides (7mer, 8mer, 9mer). A single
G:U wobble pair and 6mer seed matches are permitted if the free energy of duplex formation
is sufficiently compensated by sequence complementarity outside of the seed sequence.
Cross-species conservation is assessed at the predicted target site but not used as a strict
filter. Instead, a conservation score (based on number of species in which site is conserved)
and the type of seed match (7-9mer) are used to assign miRNA recognition element (MRE)
scores for the predicted target site. miRNA target gene scores are also assigned by summing
all MRE scores (weighted by seed sequence type) across the 3′-UTR for a given GOI.

miRanda algorithm
The miRanda algorithm, unlike the previously described algorithms, does not rely solely on
strict seed sequence complementarity for initial target site prediction (Betel et al., 2008;
Enright et al., 2003; John et al., 2004). The algorithm first performs a dynamic programming
local alignment modified to detect sequence complementarity between the complete miRNA
sequence and putative target sites. The algorithm does weight 5′ end complementarity more
heavily than 3′ end, but imperfect or non-canonical seed matches can be compensated by
increased 3′ end complementarity. Local alignment optimization is followed by assessment
of the thermodynamic stability of the putative duplex interaction. Target sites are then
filtered by setting threshold scores for alignment and free energy. Sites are further filtered by
assessing cross-species conservation. A recent algorithm, mirSVR, has been paired with
miRanda target site predictions to predict miRNA efficacy at a given miRanda-predicted
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target site (Betel et al., 2010). mirSVR is a machine learning algorithm trained empirically
on a large mRNA expression data set following miRNA transfections.

PITA and rna22 algorithms
Other popular prediction algorithms include PITA, which takes into account target site
secondary structure to determine accessibility of miRNAs to predicted target sites (Kertesz
et al., 2007), and a pattern-based algorithm, rna22 (Miranda et al., 2006). rna22 utilizes
pattern-recognition algorithms to capture sequence motifs from a large input of mature
miRNA sequences. The reverse complement of these pattern motifs are then searched for in
3′-UTRs. Locations, where many motifs are concentrated are termed target islands and
presumed to represent miRNA target sites. Therefore, rna22 initially identifies target sites
without respect for seed sequences, cross-species conservation, or even the identity of the
miRNA that binds to the target site.

Advantages and limitations of predictor algorithms
The advantage of using algorithmic predictor tools is that they are easily accessed and
generally successful in identifying true interactions between miRNAs and mRNA target
sites. Recent proteomic analyses of protein expression changes following transfection of
synthetic miRNAs have demonstrated that bioinformatic predictions capture many
experimentally confirmed regulatory relationships (Baek et al., 2008; Selbach et al., 2008).
These global analyses revealed that predictors that rely on strict seed sequence
complementarity (TargetScan, PicTar, DIANA-microT3.0) demonstrated the highest
accuracy in predicting functional miRNA target sites. However, these same studies indicate
that these tools still generate very high levels of false positives. Therefore, a set of miRNAs
predicted to target a GOI can be expected to contain many physiologically irrelevant
members. Further, this set of miRNAs is sure to exclude many physiologically relevant
members not detected by the predictor algorithm (false negatives). This highlights the need
for rapid and medium-throughput assays for functional validation of predicted miRNA-
mRNA target interactions after compiling such a set of predictions. Other disadvantages
underlying exclusive use of web-based predictors is that most have pre-assembled prediction
sets that are limited to 3′-UTR only. New experimental approaches have identified
functional interactions with target sites in the CDS and 5′-UTR of mRNAs (Chi et al., 2009;
Hafner et al., 2010a; Wang et al., 2010b). Therefore, exclusive use of computational
methods for target site identification is likely to miss out on some important functional
interactions that occur outside the 3′-UTR. Finally, the requirement for cross-species
conservation at putative target sites serves as a useful filter for enriching for functional sites
but is also likely to eliminate the detection of species-specific miRNA-mRNA target
interactions. Overall, given the ease of use and continuously improving nature of these
predictors, they are an appropriate tool for initiating investigations of regulatory interactions
in many cases.

Experimental methods for identifying miRNA target sites
Transcriptome profiling approach

Experimental methods attempt to circumvent the biases inherent in the use of computational
predictions. While not free of their own biases, they are exempted from certain assumptions
programmed into many of the predictor algorithms to enrich for true targets. For example,
functional transcript target sites that do not exhibit optimal sequence contexts, cross-species
conservation, target site accessibility or high duplex stability will not be automatically
excluded from detection in experimental paradigms. Some of the earliest experimental
approaches for identifying putative miRNA target sites relied on transfection of specific
miRNAs into cell types followed by high-throughput mRNA expression analysis by
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microarray (Grimson et al., 2007; Lim et al., 2005; Linsley et al., 2007). Transcripts with
reduced expression were then scanned for putative target sites by identifying sequences
complementary to the miRNA seed sequence. These studies demonstrated that mRNA
transcripts deregulated following miRNA transfection were significantly enriched for
matches to the seed sequence of the transfected miRNA. Since delivery of
supraphysiological levels of an exogenous miRNA may mediate non-specific effects,
knockdown of miRNA availability using antisense oligonucleotides followed by micro-array
analysis of global transcript expression has been employed (Elmén et al., 2008; Krützfeldt et
al., 2005). Transcript destabilization is not the exclusive mechanism by which miRNA
inhibit gene expression; translational repression is another. Therefore, similar studies have
been performed utilizing proteomic approaches to detect repressed protein expression
following miRNA transfection (Baek et al., 2008; Selbach et al., 2008). Similar scanning of
deregulated transcripts revealed enrichment for sequences complementary to the seed
sequence of the transfected miRNA. One issue of concern must be that direct interactions
between the miRNA and mRNA are not detected. Therefore, these methods cannot
distinguish between transcript expression deregulated in response to direct interaction with a
targeting miRNA and transcript expression deregulated in response to indirect miRNA
effects on other gene products with regulatory functions. Further, these global analyses
following miRNA delivery are useful for determining the targets of a miRNA of interest but
are not useful for identifying target sites within a GOI.

Pull-down assays with Argonaute proteins or miRNAs
Methods that can directly detect interactions between a transcript of interest and miRNA are
needed when focusing on a GOI (Fig. 2). Most are based upon pull-down assays of either
Argonaute proteins or miRNAs directly. Like the transcriptome profiling approaches
described above, most of the pull-down methods have been designed to identify transcript
targets of specific miRNAs of interest. We believe that most of these assays could be
sufficiently modified to enable the detection of miRNAs that associate with a transcript of
interest. This modified experimental design would involve overexpression of the transcript
of interest in a relevant cell context (e.g. in neuronal cultures or in vivo brain via lentiviral
delivery) followed by pull-down and global profiling of miRNA levels. Enrichment of a
complement of miRNA in lysates from cells overexpressing the transcript of interest as
compared to cells overexpressing a control gene product or empty expression vector would
suggest that these miRNA interact with and are pulled-down along with the transcript of
interest.

Tagged miRNA pull-down method
One of the more direct methods for detecting transcripts associated with a miRNA of
interest is a biotinylated miRNA pull-down method (Orom and Lund, 2007). In this method,
synthetic biotinylated miRNA are transfected into cells of interest and mildly lysed after
incubation. Lysed samples are then exposed to streptavidin-coated beads and mRNAs
associated with the transfected miRNAs can be identified by standard expression assays. An
in vitro variant, termed labeled microRNA pull-down assay (LAMP), utilizes digoxigenin
(DIG)-labeled pre-miRNA oligonucleotides that are mixed with cell extracts. Extracts are
then immunoprecipitated with anti-DIG antibodies followed by analysis of co-precipitated
mRNA (Hsu and Tsai, 2011; Hsu et al., 2009). Both of these methods could be modified to
identify miRNA targeting a GOI by replacing labeled miRNA with labeled transcripts of
interest. One difficulty with these approaches is interpreting whether the miRNA-mRNA
interactions are physiological or only juxtapositional. Even if the interactions are functional,
this method does not enable the detection of the specific target site in the targeted transcript.
Newer methods incorporate technologies that allow for more confident interpretations.
Nonetheless, the technique by Orom and Lund (2007) led to the discovery that miR-10a
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interacts with the 5′-UTR of ribosomal protein transcripts and drives enhanced translation by
interacting with a 5′-UTR regulatory motif (5′TOP) common to these transcripts (Ørom et
al., 2008).

RIP-Chip method
Ribonucleoprotein (RNP) immunoprecipitation (IP) followed by microarray chip analysis
(RIP-Chip) is an important method that utilizes IP of RNA-binding proteins to pull down
bound RNA targets. This method was adapted using specific anti-AGO antibodies (Ikeda et
al., 2006; Nelson et al., 2007) to pull down RISC complexes comprising AGO effectors,
miRNA guides, and mRNA targets (Beitzinger et al., 2007; Easow et al., 2007; Hendrickson
et al., 2008; Karginov et al., 2007; Landthaler et al., 2008; Wang et al., 2010a). To identify
targets of specific miRNA, cells are transfected with a synthetic miRNA or negative control.
After incubation, cells are mildly lysed, AGO complexes immunoprecipitated, and captured
mRNA quantified by micro-array analyses. mRNAs enriched following miRNA transfection
are presumed to contain target sites for the transfected miRNA. Transfection with a
transcript of interest followed by miRNA enrichment analysis (e.g. by microarray) could
presumably be employed for studying a GOI. Given that AGO proteins are the RISC
effectors, the complement of miRNA-mRNA interactions pulled down in complex with
AGO should be enriched for functional interactions. However, validation is still necessary to
confirm this assumption. This approach has been used to determine that AD-dysregulated
miR-107 functionally interacts with and regulates granulin (Wang et al., 2010b).
Importantly, this interaction was found to occur in the granulin open reading frame and was
therefore not predicted by standard computational approaches. One drawback of RIP-Chip is
that it detects all miRNA and mRNA bound to AGO, irrespective of whether they exist as a
ternary miRNP complex.

TAP-Tar method
A modification, called tandem affinity purification of miRNA targets (TAP-Tar), addresses
this deficiency by combining RIP-Chip with the labeled miRNA approach (Nonne et al.,
2010). In TAP-Tar, cells stably expressing Flag-HA-AGO1/2 are transfected with
biotinylated miRNA, and cell extracts are subjected to sequential purifications. First, miRNP
are pulled down by anti-FLAG IP. Then miRNP are further fractionated by streptavidin pull-
down. This approach enables detection of AGO-loaded mRNAs that are specifically in
complex with the transfected miRNA.

A deficiency of both RIP-Chip and TAP-Tar is that neither enables the specific detection of
the target sites in target transcripts. Also, the nature of the interactions inside the miRNA-
mRNA-AGO complex may be transient. These techniques do not use any stabilizing
methods (e.g. crosslinking) to ensure that transient interactions are not lost during the IP step
(Nelson et al., 2010). As a result, analyses have shown that target site identification is biased
towards those specific targets that survive the pull-down method (Hausser et al., 2009; Hong
et al., 2009). Finally, a previous study identified a significant number of non-overlapping
miRNA bound to AGO1 versus AGO2 following RIP-Chip, indicating that many miRNA
associations may be AGO-specific (Beitzinger et al., 2007). Therefore, the choice of which
AGO protein to IP is a critical consideration when performing RIP-Chip or TAP-Tar.

HITS-CLIP method
Several similar methods based on UV-induced covalent crosslinking were developed to
stabilize miRNP interactions prior to AGO pull down. The goal of stabilization is to enhance
the capture of more transient miRNA-mRNA interactions and reduce selection bias inherent
in RIP-Chip. The first method is called high throughput sequencing of RNA isolated by
crosslinking and IP (HITS-CLIP) (Chi et al., 2009). Biological samples are first irradiated
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with UV light, which induces the formation of covalent crosslinks between RNA and bound
proteins that are in direct contact. Crosslinked samples are then immunoprecipitated with
anti-AGO antibodies. Mild RNA digestion releases RNA flanking fragments not in direct
contact with AGO. Following stringent washing, only those miRNA and mRNA fragments
directly crosslinked to AGO in RISC are retained. These RNA tags are then released and
deep-sequenced using massively parallel sequencing technology. Analysis can reveal
approximate miRNA binding sites on captured mRNA fragments and have been
demonstrated to be enriched in miRNA target sequences. This technique was utilized to map
probable ternary complexes between AGO2, miRNA guides and mRNA target sites across
the transcriptome for the top 20 most abundant miRNA in the mouse brain (Chi et al., 2009).
When combined with transfection of a miRNA of interest, this technique can allow for direct
detection of transcript fragments enriched in the AGO-IP fraction, with the fragment
providing clues to the miRNA target site.

While the resolution for miRNA target site identification in the original HITS-CLIP data set
was limited to approximately 45–62 nt (AGO footprint), a recent reanalysis has revealed
single nucleotide resolution (Zhang and Darnell, 2011). Cross-linking induced mutation sites
(CIMS) consisting of deletions were found in 8% of sequence reads and were presumably
the result of reverse transcriptase read-through at the crosslinked site on the mRNA
fragment. The investigators observed that deletions reproducibly clustered near sites
containing miRNA seed sequences. Analysis of CIMS resulted in a higher rate of discovery
and significantly enhanced signal-to-noise ratio for detecting miRNA seed matches in
sequenced mRNA tags. Therefore, CIMS analysis can identify nearly the exact location of
crosslink formation between AGO and targeted transcripts.

PAR-CLIP method
A modification of HITS-CLIP is the photo-activatable-ribonucleoside-enhanced-CLIP
(PAR-CLIP), which utilizes photoactivatable ribonucleosides to enhance crosslinking
efficiency and fold-recovery of RNA following wash steps (Hafner et al., 2010b). The
special ribonucleosides are mostly non-toxic and readily taken up by cultured cells. The
authors report that, similar to HITS-CLIP, crosslink formation between these modified
ribonucleosides and RNA-binding proteins induce a high rate of modified T to C
conversions during the reverse transcription process used prior to deep sequencing.
Therefore, by analyzing locations of T to C conversions, the exact site of crosslinks can be
determined, which greatly aid the process of identifying the miRNA target site on targeted
transcripts. We hypothesize that both of these techniques could be modified such that
delivery of a transcript of interest (via direct transfection of in vitro transcribed RNA or
lentiviral delivery) would enable the detection of enriched AGO-bound miRNA fractions
that bind to the transcript of interest at detectable miRNA target sites. We intend to
investigate whether such strategies would enable detection of novel APP mRNA-miRNA
interactions not predicted by the standard bioinformatic approaches.

Advantages and limitations of crosslinking approaches
In summary, crosslinking approaches represent robust methods for detecting miRNA target
sites, with a much lower false positive rate than computational methods. Unfortunately, they
are also the most expensive and technically challenging option for detecting target sites.
Significant computational effort must also be expended for analyzing deep sequencing
reads. However, unlike RIP-Chip, these crosslinking strategies provide a means to directly
identify, at single-nucleotide resolution, the sites of interaction in the miRNP. However,
HITS-CLIP and PAR-CLIP experiments may also reflect a selection bias for strongly
interacting miRNP complexes (Zhang and Darnell, 2011). Therefore, while target sites
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identified by HITS-CLIP and PAR-CLIP are highly specific, they likely under-represent all
miRNA target sites in a transcript of interest.

Functional validation of putative miRNA-transcript interactions
Whether miRNA target sites are identified by computational predictions or via direct
experimental detection, none of these methods assess the functionality of the interaction.
Therefore, after identifying possible miRNA target sites on the transcript of interest, one
must validate that the miRNAs exhibit regulatory actions on the GOI. One of the most
common methods for fast, medium-throughput validation is the use of reporter assays.
Validated hits then are verified for regulatory effects on native mRNA and protein
expression. As an example, in our efforts to study miRNA regulation of APP expression, we
chose to validate computational predictions using a luciferase-based reporter assay and by
examining the direct effect of the predicted miRNA on native APP expression (Long and
Lahiri, 2011c).

Reporter assay validation of putative miRNA target sites
The most optimum strategy for reporter screens is to directly clone the 3′-UTR of interest
into a reporter vector, of which many are commercially available. One such reporter is
psiCHECK-2 (Promega), a vector that contains a Renilla luciferase gene under the
transcriptional control of a SV40 promoter. The multiple cloning site is positioned just
downstream of the luciferase CDS such that an insert will be positioned in the 3′-UTR. If the
predicted target site is not in the 3′-UTR, the cloning strategy will have to be necessarily
modified such that the sequence containing the putative target site is fused to the appropriate
portion of the reporter transcript (5′-UTR or CDS). Modified reporter vectors, such as
pmiRGLO (Promega) have been created specifically for investigating miRNA regulatory
functions. This reporter is driven by the more moderately-expressing PGK promoter,
enabling more sensitive detection of changes in reporter expression.

Synthetic miRNA mimics are commercially available from multiple sources, each with their
own proprietary chemistries to enhance potency and specificity of miRNA-mediated effects.
To perform the reporter screen, the reporter construct is co-transfected into a relevant, easy-
to-transfect cell type along with the miRNA mimic predicted to interact with the putative
target site. Reporter expression should always be analyzed in relation to transfections with a
negative control mimic to ensure changes in reporter expression do not reflect a non-specific
response to small RNA delivery. Dual reporter assays enable the normalization of reporter
signal that may be affected by variations in cell number, transfection efficiency, and other
stochastic effects. The choice of cell type must be considered carefully, as high endogenous
expression of the exogenously delivered miRNA mimic may result in saturation of the
regulatory effect mediated at the putative target site. If expression profiles are known (see
“Measuring miRNA Expression Levels” below), it is best to choose a cell type with low to
moderate expression levels of the miRNAs to be tested. If not known, a viable strategy
would be to analyze reporter expression in multiple, different cell types to ensure effects on
reporter expression are not cell-type specific or related to endogenous miRNA expression.
An example of the results generated from this type of reporter assay is shown in Fig. 3. A
series of miRNA predicted to target the APP 3′-UTR by various predictor algorithms were
transfected along with the specific APP 3′-UTR reporter construct. Reporter expression was
assayed 48 h post-transfection, although other time points should also be considered.

Once the effect has been demonstrated at the reporter level, the exact sequence motif that
enables target site binding to the miRNA can be assessed by introducing specific mutations
in the predicted seed sequence through site-directed mutagenesis. If these mutations disrupt
the effect on reporter expression, this location serves as the confirmed miRNA target site.
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Validation of miRNA effects on native protein expression
To confirm that effects mediated by miRNAs on reporter expression translate to native
protein expression, miRNA mimics are similarly transfected alone into a chosen cell type
and native protein expression assayed by Western blot, ELISA or some other validated
biochemical assay. Choice of cell type is more critical here, as endogenous expression of the
native protein must be verified beforehand. Further, a more potent effect is likely to be
observed if the cell type does not already express the exogenously supplied miRNAs at a
high level. If possible, cell types relevant to the biological pathway of interest should be
chosen so as to confirm that the regulatory relationship exists in a physiologically relevant
context. Transfection efficiency may be an issue in difficult-to-transfect cell types (e.g.
neurons), as miRNA effects are generally moderate and require high delivery efficiencies to
be detected. In these cases, viral delivery of a miRNA-expressing gene cassette by either
adeno-associated or lentivirus may be appropriate. These delivery systems are also
particularly well-suited for in vivo delivery of miRNA. We and other investigators have
employed these approaches in APP-miRNA studies to overexpress miRNA in difficult-to-
transfect neuronal cell types (unpublished data, Vilardo et al., 2010). An exciting recent
method for in vivo brain delivery of siRNA by systemical injection of targeted exosomes
was found to be effective at reducing brain BACE1 levels and may also be suitable for
systemic delivery of miRNA to the in vivo brain (Alvarez-Erviti et al., 2011).

Important caveats in functional validation studies
With standard transfection approaches in easy-to-transfect cell types, concentrations of
delivered miRNA mimics might easily reach supraphysiological levels. Since high levels of
miRNA may promote regulatory interactions that are not physiologically relevant, changes
in reporter and native protein expression should be interpreted with caution. It is prudent to
confirm changes in reporter and native protein expression following miRNA-target
disruption (as discussed below) before making claims regarding the nature of the regulatory
interaction.

Cell culture conditions may also dramatically alter miRNA biology, and maintaining
uniform culture conditions between experiments is essential for ensuring reproducible
results. In high density cultures, cell-to-cell contacts can induce global miRNA biogenesis
leading to skewed expression levels (Hwang et al., 2009). Two separate reports suggest that
proliferating cells and some cancer cell lines may utilize alternative polyadenylation sites
that favor shorter 3′-UTRs and therefore the potential elimination of functional miRNA
target sites (Mayr and Bartel, 2009; Sandberg et al., 2008). Further, cell cycle arrest can lead
miRNAs to activate translation of their target transcripts rather than inhibit translation as
occurs during normal cell cycle progression (Mortensen et al., 2011; Vasudevan et al.,
2007). Therefore, cell culture conditions should be kept as constant as possible across all
experiments.

Measuring miRNA expression levels
Subsequent to miRNA target validation, the natural question to address is whether validated
target sites in the transcript of interest are physiologically regulated by the targeting
endogenously expressed miRNA. The first requirement for physiological regulation is that
the miRNA must be co-expressed with the GOI in relevant tissue and/or cell types.
Therefore, prior to initiating experiments probing the endogenous role of miRNA in
modulating GOI expression, it is appropriate to confirm that the miRNA is expressed in the
tissue or cell model system. In the absence of published expression data for the targeting
miRNAs in the model system being employed, it will be necessary to directly measure levels
of the miRNAs, either in absolute copy numbers or relative to miRNA known to be highly
and weakly expressed in the model system. When focusing on miRNA that target a GOI,
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generally low-throughput detection methods (e.g. Northern blot, RT-qPCR, in situ
hybridization) should be sufficient since the number of functionally validated target sites is
generally limited. If pursuing experimental methods for identifying miRNA target sites, as
discussed above, high-throughput methods will be required (e.g. miRNA microarray, deep
sequencing).

MiRNA expression analysis presents unique challenges as compared to standard mRNA
expression analysis. To begin, the miRNA sequence is very short. Since most detection
methods employ complementary oligonucleotide primer or probe hybridizations, this means
there are limited choices for primer/probe sequence optimization. GC content and, therefore,
melting temperatures (Tm) vary dramatically between miRNA sequences providing
challenges in optimizing hybridization protocols. As a result, specificity may be
compromised if no adjustments are applied. Additionally, high sequence similarity between
miRNA paralogs provides additional challenges in designing primer/probes with sufficient
sequence discrimination. Finally, the functional, mature miRNA sequence is also present in
pri-miRNA and pre-miRNA molecules. Primer/probe design must allow for discrimination
between these miRNA species. We will now briefly discuss the methods used in miRNA
detection and how they have been adapted to circumvent these challenges.

Northern blot analysis
Northern blot miRNA analysis is performed using high percentage polyacrylamide gel
electrophoresis (PAGE) of microgram quantities of total RNA followed by transfer to
membrane, stabilization of small RNA on membrane by cross-linking or baking,
hybridization of a labeled complementary probe to membrane, washing, and finally,
detection of labeled probe by autoradiography or other detection method. While Northern
blot is easy to implement and quite specific, its sensitivity is rather low relative to other
detection techniques, requiring large quantities of input RNA. The assay also has a limited
dynamic range. However, unlike other techniques, one can visually distinguish mature
miRNA from pre-miRNA as a consequence of PAGE size fractionation. In fact, the original
studies identifying the first miRNA utilized Northern analysis to identify short ~21-nt
mature miRNA and longer ~61-nt pre-miRNA bands that would guide the detection of
hairpin precursors (Lagos-Quintana et al., 2001; Lau et al., 2001; Lee and Ambros, 2001;
Lee et al., 1993; Reinhart et al., 2000).

The same challenges described above in regard to probe design apply to Northern blotting.
One modified probe design selectively incorporates locked nucleic acids (LNA) in place of
standard nucleotides (Válóczi et al., 2004; Várallyay et al., 2007). LNA are nucleotides with
modified ribose moieties containing a 2′-O,4′-C methylene bridge that locks the nucleic acid
in a specific conformation. Oligonucleotides containing LNA have significantly enhanced
Tm that increases with each subsequent LNA addition (Kurreck et al., 2002). This allows
probes to be designed with optimal Tm by selective incorporation of LNA. This probe
design results in higher sensitivity for detecting low abundance miRNAs and enables greater
mismatch discrimination needed to distinguish between miRNA paralogs. Other
modifications for enhancing Northern sensitivity have been described that target probe
labeling. Standard probe end-labeling utilizes terminal deoxynucleotide transferase or
polynucleotide kinase along with γ-32P-dATP to label the 5′- or 3′-terminal nucleotide with
a radioactive phosphate. In the StarFire method (Behlke et al., 2000), the probe is instead
appended with a 32P-labeled poly(A) tail. This is achieved by incorporating into the probe a
3′ hexamer extension that is recognized by a template oligonucleotide containing a 5′ stretch
of poly(T) and a 3′ end complementary to the hexamer extension. Klenow polymerase and
α-32P-dATP are then used to extend the 3′end of the probe with the poly(A) tail containing
radiolabeled adenine nucleotides. This probe has much higher specific activity per molecule
since it contains multiple radioactive phosphates and can be used to sensitively detect
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miRNAs (Sempere et al., 2004). Non-radioactive probe labeling can also be achieved by
end-labeling with tags, such as digoxygenin (DIG) or biotin. Hybridized probe can then be
detected using anti-DIG antibodies or streptavidin-conjugated enzymes compatible with
standard chemiluminescent detection methods. This modification enables highly sensitive
miRNA detection and significantly reduces exposure time for detecting signal as compared
to radiolabeled probes (Kim et al., 2010).

Reverse transcription quantitative real-time polymerase chain reaction (RT-qPCR)
RT-qPCR is one of the most commonly used methods for detecting miRNA and considered
a “gold standard” by many given its exquisite sensitivity as compared to other methods. RT-
qPCR also has a much wider dynamic range (up to seven logs) than Northern. However,
unlike Northern analysis, visualization of size-fractionated species cannot be used to
distinguish mature miRNA from pre-miRNA amplicons. Like Northern analysis, the short
length and varying GC content of miRNA presents a challenge for designing reverse
transcription (RT) and qPCR primers and probes with necessary Tm and sequence
specificity, especially for discriminating between highly similar paralogs. Many
modifications have been developed for RT-qPCR detection of miRNA to compensate for
these challenges.

The general RT-qPCR protocol begins by reverse transcribing total RNA (including
miRNA) from cell or tissue extracts into cDNA followed by qPCR analysis of cDNA. Most
protocols use special strategies during RT to ensure mature miRNA, and not pre-miRNA,
are amplified during subsequent qPCR. Most also append universal sequences to cDNA by
either miRNA ligation, miRNA tailing or as RT primer 5′ extensions to compensate for
limited sequence options when designing qPCR primers and probes. During qPCR, both
SYBR Green (Simpson et al., 2000) and hydrolysis probe (Heid et al., 1996) detection
chemistries may be utilized to detect real-time amplicon accumulation. Hydrolysis probes
add specificity to amplicon detection but require unique probe design for each target. SYBR
Green is easier to implement but requires additional validation to ensure specific
amplification, such as melting curve or gel analysis.

One of the most commonly used miRNA RT-qPCR methods employs miRNA-specific RT
primers with complementarity to several ribonucleotides on the 3′ end of the targeted
miRNA along with a stem-loop structure on the primer 5′ end (Chen et al., 2005). Since pre-
miRNA species have additional nucleotides downstream of the mature sequence, steric
hindrance between the RT primer secondary structure and pre-miRNA sequence impedes
unwanted pre-miRNA cDNA synthesis. A miRNA-specific forward primer and reverse
primer targeting a universal sequence located within the loop of the RT primer are used for
qPCR amplification. The assay uses a hydrolysis probe for added specificity. Stem-loop RT-
qPCR has been modified for use with SYBR Green by employing two miRNA-specific
qPCR primers in a hemi-nested PCR design (Wan et al., 2010).

A second approach employs poly(A) polymerase (PAP) to append a poly(A) tail to miRNA
3′ termini (Shi and Chiang, 2005). cDNA is then synthesized with a RT primer containing a
complementary 3′ oligo(dT) sequence and 5′ universal sequence. miRNA-specific forward
and universal reverse qPCR primers are used with SYBR Green detection. A modification of
this method uses the same RT strategy but uses two miRNA-specific qPCR primers that are
spiked with LNA to enhance Tm and enable shorter primer design (Andreasen et al., 2010).
The reverse qPCR primer is complementary to cDNA portions of both the mature miRNA
and poly(A) tail, meaning that pre-miRNA sequences should not be amplified by this
method. Recent reports claim that LNA-spiked primers may reduce PCR efficiency and that
standard DNA primers with 5′ extensions to enhance Tm are equally successful for this
method of miRNA RT-qPCR (Balcells et al., 2011).
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A third strategy for RT-qPCR amplification uses T4 RNA ligase to attach a universal
adapter sequence to miRNA 3′ termini prior to RT (Benes and Castoldi, 2010). RT proceeds
using a primer against the universal sequence. Forward and reverse miRNA-specific qPCR
primers bind to cDNA, with the reverse primer preventing pre-miRNA amplification by
binding to cDNA portions of both the miRNA and 3′ adapter. The advantage of poly(A)
tailing and adapter ligation methods is that there is global miRNA cDNA during RT. This
means a universal cDNA pool can be used for qPCR analysis of any miRNA. In contrast, the
stem-loop RT-qPCR method requires a separate RT reaction for each miRNA analysis.

When performing relative quantification, proper normalization of miRNA RT-qPCR data is
a critical consideration. Small RNA with stable expression (such as other miRNA or small
nuclear RNA) should be used as reference controls. Multiple reference gene normalization is
the best approach for single miRNA analysis (Vandesompele et al., 2002). Other aspects of
experimental set-up, validation, controls and normalization in RT-qPCR are beyond the
scope of this review and discussed elsewhere (Bustin et al., 2009, 2010).

In situ hybridization (ISH)
ISH is likely not the first choice for surveying miRNA expression in a model system or
across a panel of samples. The method is more technically challenging than Northern or RT-
qPCR analysis and has low sensitivity and limited dynamic range. However, ISH is the only
technique that provides miRNA expression data at cellular- and subcellular-level
resolutions. Other detection methods measure miRNA levels averaged across all cell types
in a heterogeneous sample. Therefore, in the CNS, where cell type diversity is high, ISH
provides complementary information that may be crucial for proper data interpretation
(Nelson and Wilfred, 2009). As with other methods discussed, the short length and sequence
similarity of miRNAs provide the greatest challenge for designing ISH probes that
specifically and sensitively detect endogenous miRNA. Technically, ISH probes may detect
both mature miRNA and pre-miRNA, but pre-miRNA expression is often below the
detection limit of ISH (Nuovo, 2008).

The general ISH protocol consists of tissue or cell fixation and sectioning followed by
protease digestion to increase sample permeability and eliminate protein-RNA cross-links
that may prevent probe hybridization. Samples are then incubated with labeled ISH probes
(generally DIG or other hapten) against a specific miRNA species under high stringency
conditions (high temperature and stringent hybridization buffer) and then washed with high
stringency buffers. Probe is detected microscopically based on the type of label used (often
by using an enzymatically-labeled primary antibody against probe hapten). High stringency
incubation and washes are needed in ISH to prevent binding of probes with non-specific
targets. But this need for high stringency is in direct conflict with the design constraints
imposed by short miRNA length and low probe Tm. Though some protocols have been
published using standard RNA oligonucleotide probes (Deo et al., 2006; Thompson et al.,
2007), most protocols compensate for short probe length by using LNA-modified probes.
These probes have elevated Tm, higher sensitivity for miRNA detection and enhanced single
base mismatch discrimination for paralogs (Kloosterman et al., 2006). Notably, these probes
have also been successfully used in formalin fixed and paraffin embedded (FFPE)
specimens and cryosections (Nelson et al., 2006; Obernosterer et al., 2007). This approach
along with RT in situ PCR and immunohistochemistry can also be used to simultaneously
detect mature miRNA, pre-miRNA and miRNA protein targets within the same or serial
sections (Nuovo, 2008; Nuovo et al., 2009). Signal amplification strategies used with LNA-
fluorescence ISH (LNA-FISH) greatly enhance ISH sensitivity. Examples include tyramide
amplification (Silahtaroglu et al., 2007) and enzyme linked fluorescence (ELF). In ELF,
alkaline phosphatase converts reagent substrate to a photostable, highly fluorescent
precipitate. The method is sensitive enough to detect single miRNA molecules in situ (Lu
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and Tsourkas, 2009). A separate strategy for enhancing ISH sensitivity is to increase cross-
linking efficiency. Formaldehyde cross-links are reversible and may cause some miRNA
release during processing. Dual fixation with formaldehyde and 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) leads to increased miRNA retention and
enhanced sensitivity (Pena et al., 2009), though not all studies have replicated this effect
(Jørgensen et al., 2010; Lu and Tsourkas, 2009; Søe et al., 2011).

High-throughput methods for miRNA detection
High-throughput methods are generally not needed by investigators studying miRNA
regulation of a GOI, so a light treatment is provided here. The exception would be if
experimental techniques for identifying miRNA targets in a transcript are employed. In such
cases, microarray analysis of total RNA, deep sequencing of small RNA libraries, or high-
throughput RT-qPCR assays are the typical choices for high content analysis. These
experiments can be technically challenging and contain certain pitfalls of which
investigators should be cognizant (Nelson et al., 2008).

Microarray analysis is the most widely used method for high-throughput analysis and is
cheaper and less technically challenging than deep sequencing. Early variants included a
membrane-based, manually-spotted dot blot (Krichevsky et al., 2003) along with numerous
custom-printed, slide-based microarrays. As with the other methods described, LNA have
been incorporated into microarray design by using Tm-normalized LNA capture probes
(Castoldi et al., 2006) with enhanced sensitivity over standard probes. Published methods
also vary in the mechanism of small RNA labeling, including radioactive (Krichevsky et al.,
2003), biotin (Sun et al., 2004) and fluorophore end-labeling (Babak et al., 2004), along with
strategies to label small RNA during first strand cDNA synthesis (Liu et al., 2004; Zhao et
al., 2006), by PCR amplification with labeled primers (Baskerville and Bartel, 2005; Miska
et al., 2004), and by poly(A) tailing using PAP (Shingara et al., 2005). Commercially
available microarrays from Agilent (Wang et al., 2007), Exiqon (Castoldi et al., 2006), and
Affymetrix, among others, are now commonly employed and have been analyzed for cross-
platform concordance (Git et al., 2010; Pradervand et al., 2010).

Deep sequencing is more technically challenging and expensive than microarray analysis
and requires significant bioinformatic analysis for data interpretation. However, unlike
microarray analysis, deep sequencing is unbiased in that it is not limited by current miRNA
database annotations. This means deep sequencing can be used for simultaneous novel
miRNA discovery and digital expression analysis and can detect miRNA terminal
modifications that might interfere with microarray detection (Newman et al., 2011).
Commercial deep sequencing platforms used for miRNA analysis include the 454 (Ruby et
al., 2006), Illumina (Morin et al., 2008; Shao et al., 2010), and SOLiD (Hafner et al., 2008)
sequencing systems. Despite being relatively unbiased relative to microarray analyses,
recent studies demonstrate that deep sequencing does exhibit some sequence biases related
to adapter ligations during cDNA library preparation (Hafner et al., 2011; Linsen et al.,
2009). miRNA sequence and secondary structure apparently underlie these biases. However,
since these sequence biases are highly reproducible, relative quantification between samples
should be unaffected.

Finally, high-throughput RT-qPCR arrays are available and offer the high sensitivity and
large dynamic range of qPCR analysis on a high-throughput scale (Mestdagh et al., 2008).
However, similar to microarray analysis, these assays only profile a subset of miRNAs
present in annotated databases. Distinct normalization strategies are recommended when
performing global miRNA RT-qPCR analysis as compared to single miRNA analysis
(Mestdagh et al., 2009).
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Disrupting endogenous miRNA function to confirm physiological regulation
After confirming that a miRNA modulates both reporter and native protein expression and is
expressed in the relevant tissue or cell model system, a remaining question to address is
whether the miRNA can be shown to participate in endogenous regulation of the transcript
of interest. Certain tools are available to disrupt the interaction between endogenous
miRNAs and endogenous mRNA target sites.

Antisense inhibition of miRNA function
The first molecular tool is the miRNA antisense inhibitor (antimiR). These are RNA
oligonucleotides that exhibit perfect complementarity to the targeted miRNA and inhibit
miRNA function through an antisense mechanism. These inhibitors generally incorporate
chemical modifications to enhance stability and hybridization strength in the form of 2′-O-
methylation (Hutvágner et al., 2004), LNA (Ørom et al., 2006), phosphorothioate backbone
modifications (Esau et al., 2006; Lennox and Behlke, 2010) or various design
implementations shown to enhance potency, such as hairpin secondary structure (Vermeulen
et al., 2007). Inhibitor designs incorporating cholesterol conjugates, termed antagomirs,
enhance in vivo delivery (Krützfeldt et al., 2005). Short, fully LNA- and phosphorothioate-
modified oligos termed tiny LNAs inhibit whole miRNA families by binding to seed
sequences and are taken up in vivo in unconjugated form (Obad et al., 2011). Lentiviral-
based delivery of miRNA inhibitors driven from a human H1 promoter (Scherr et al., 2007)
may be useful when transfection efficiency is problematic or in vivo inhibition is needed.

Genetic approaches for disrupting miRNA function
Genetic manipulation in mouse models is another strategy for eliminating miRNA function.
One transgenic strategy employs miRNA sponges (Ebert and Sharp, 2010; Ebert et al.,
2007) that work in a similar manner to antisense oligonucleotide inhibitors. These
transgenes express transcripts containing tandem repeats of complementary sequences
targeted against a specific miRNA. Other genetic approaches employ gene knockouts. One
strategy has been to globally reduce miRNA production by conditional deletion of Dicer in
the CNS (Davis et al., 2008; Hébert et al., 2010; Konopka et al., 2010; Schaefer et al., 2007).
Driving postnatal loss of Dicer in Purkinje cells using a Pcp2-Cre system (Schaefer et al.,
2007), in forebrain using an α-CaMKII-Cre system (Davis et al., 2008; Hébert et al., 2010),
or even in astroglia using a Gfap-Cre system results in a slowly developing
neurodegenerative phenotype, though early learning and cognition may actually be enhanced
in certain models (Konopka et al., 2010). An issue with this strategy is that its global
approach does not allow one to dissect the contribution of single miRNA to the phenotype.
Also, non-canonical processing of some miRNAs persists in the absence of Dicer or Dgcr8
(Babiarz et al., 2011). Instead, single miRNA knockouts can be utilized (Magill et al., 2010;
Zhao et al., 2007). However, miRNA genomic architecture may make this difficult or
impossible in many cases. Due to gene duplication events, many miRNA are expressed from
multiple loci, requiring sequential deletion events for complete knockout. Further, many
miRNA are clustered in the genome and expressed as polycistronic transcripts. Therefore,
designing a knockout strategy that only eliminates expression of a single miRNA in the
cluster is challenging. As with any knockout strategy, functional redundancy may
compensate for loss of miRNA function over time, complicating interpretation of animal
phenotypes.

Genetic deletion and miRNA inhibitors block the functionality of the miRNA with all of its
target transcripts. Therefore, it is difficult to confirm whether the response to miRNA
disruption is due to blockade of the interaction between the miRNA and the transcript of
interest or due to indirect effects mediated by blockade with other target transcripts.
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Target site interference of miRNA function
A more targeted approach is to block the interaction of the miRNA with a specific target site
in a transcript of interest. Target protectors are modified synthetic RNA or morpholino
oligonucleotides (Choi et al., 2007) or transgenically overexpressed RNA species (Gehrke et
al., 2010) that are complementary to a specific target site and block the hybridization of
targeting miRNAs. Due to chemical modifications, synthetic target protectors do not load
into RISC and therefore do not mediate siRNA-like effects. Target protectors are not just for
experimental manipulation. An endogenous long, non-coding RNA, which targets BACE1
transcript and is dysregulated in AD, acts like a target protector by blocking interaction
between the transcript and miR-485-5p (Faghihi et al., 2010).

Delivery of miRNA modulators
Experiments utilizing either inhibitors or target protectors simply require they be transfected
or otherwise delivered into cell culture or other model systems followed by the measurement
of gene expression. In vivo delivery of miRNA modulators to the CNS is still difficult but
direct cortical or intraventricular injection of modified synthetic molecules (Krützfeldt et al.,
2007) or transgene-expressing viral particles is an option. The exosome strategy previously
mentioned may also represent a facile method for systemic administration of miRNA
modulators to the CNS and warrants further testing (Alvarez-Erviti et al., 2011). Finally, it is
important to be aware that many regulatory networks have built-in redundancy and robust
compensatory feedback loops to maintain homeostatic levels of critical proteins. Therefore,
even subtle changes in expression following manipulation by miRNA inhibitors or target
protectors may be physiologically meaningful in this context.

Conclusions
The search for miRNAs that regulate gene products implicated in CNS disorders is likely to
reveal novel drug targets. However, the appropriate tools are needed to make such
discoveries. This review has outlined many of those tools available to researchers pursuing
this endeavor. The experimental workflow and methodologies discussed herein are
summarized in Fig. 4. A specific example of how this workflow was implemented in Long
and Lahiri (2011c) is also illustrated. Each method has important limitations that have been
discussed and should be thoughtfully considered prior to incorporation in an experimental
paradigm. Through careful implementation of the appropriate methodologies, we are
optimistic that important discoveries related to miRNA function in CNS disorders are on the
horizon. Hopefully breakthrough discoveries on this front will lead to the development of
novel therapeutic strategies that alleviate human suffering.
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pri-miRNA primary microRNA

pre-miRNA microRNA precursor

AD Alzheimer disease

Aβ amyloid-β

APP amyloid-β precursor protein

UTR untranslated region

RNP ribonucleoprotein

miRNP microribonucleo-protein

RISC RNA-induced silencing complex

MRE microRNA recognition element

CDS coding sequence

LAMP labeled microRNA pull down assay

IP immunoprecipitation

RIP-Chip ribonucleoprotein immunoprecipitation followed by microarray chip
analysis

TAP-Tar tandem affinity purification of microRNA targets

HITS-CLIP high throughput sequencing of RNA isolated by crosslinking and
immunopurification

CIMS crosslinking induced mutation sites

PAR-CLIP photoactivatable ribonucleoside-enhanced crosslinking and
immunoprecipitation

PAGE polyacrylamide gel electrophoresis

LNA locked nucleic acid

Tm melting temperature

DIG digoxygenin

RT-qPCR reverse transcription quantitative real-time polymerase chain reaction

PAP poly(A) polymerase

FFPE formalin fixed paraffin embedded

ISH in situ hybridization

FISH fluorescent in situ hybridization

ELF enzyme linked fluorescence
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Fig. 1.
miRNA biogenesis and RISC assembly in human cells. miRNA are initially transcribed as
pri-miRNA, processed by the complex of Drosha and DGCR8 to pre-miRNA, exported to
the cytosol by exportin-5, and cleaved to a mature miRNA guide strand and passenger strand
(miRNA*) by the complex of Dicer and TRBP. For RISC assembly, the mature guide strand
(red strand in illustration) is loaded onto an AGO protein along with other assembly proteins
not illustrated. The passenger strand is degraded while the guide strand interacts with
specific target sites in the 3′-UTR of transcripts. Near perfect complementarity between the
target transcript and the seed sequence of the miRNA is required to effectuate an inhibitory
response.
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Fig. 2.
Methods of experimental target identification based upon AGO IP. The primary concept
employed by the four illustrated methods is the pull-down of a ternary complex consisting of
miRNA-mRNA-AGO. For RIP-Chip, AGO IP is followed by RNA extraction and high-
content analysis of mRNA primarily by microarray. TAP-Tar differs from RIP-Chip in that
it employs transfection of biotinylated miRNA mimics and a second pull-down purification
with streptavidin to isolate specific miRNA complexes. Both HITS-CLIP and PAR-CLIP
generate UV-induced crosslinks between RNA molecules and AGO to stabilize transient
interactions. Mild RNA digestion then generates short fragment libraries enriched in miRNA
target sites that are analyzed by deep sequencing. PAR-CLIP differs from HITS-CLIP in
that it utilizes photoactivatable ribonucleosides to enhance crosslinking efficiency.
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Fig. 3.
Validation of predicted miRNA targets by reporter assay. (A) An APP 3′-UTR reporter
construct was generated as previously described (Long and Lahiri, 2011b). This reporter
construct contains the APP 3′-UTR inserted downstream of the Renilla luciferase coding
sequence and transcription driven by the SV40 promoter. Expression of firefly luciferase
reporter is driven by an independent HSV-TK promoter and serves to normalize for
experimental variables such as cell density, transfection efficiency, and cell toxicity. (B)
HeLa cells were co-transfected with an APP 3′-UTR reporter construct and miRNAs (50
nM) predicted to target the APP 3′-UTR by various predictor algorithms. Negative control
miRNA not predicted to target the APP 3′-UTR was also cotransfected. A positive control
was included that consisted of co-transfection with miR-1 and a miR-1 MRE reporter.
Renilla and firefly luciferase activity was assayed 48 h post-transfection using the Dual-Glo
assay (Promega). Renilla luminescence values are normalized to firefly luminescence and
scaled. Statistically significant differences were assessed by ANOVA followed by post-hoc
Dunnett’s test. n=6; *p<0.05 relative to negative control miRNA.
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Fig. 4.
Summary of methodological workflow for studying miRNA regulation of GOI. (A) The
workflow described in text begins with a specific predetermined GOI. Putative target sites in
the transcript of the GOI are identified by either bioinformatic or experimental approaches.
Target sites are then validated by both 3′-UTR reporter assays and direct analysis of native
protein levels following transfection of putative targeting miRNA. If not already known,
miRNA levels are then measured in the experimental model of choice to confirm relevant
expression levels. Endogenous miRNA function is then disrupted to assess whether
endogenous miRNAs physiologically regulate expression of the GOI. (B) A specific
example of the experimental workflow employed by Long and Lahiri (2011c) is presented.
Predictor algorithms predicted two putative miR-101 target sites in the APP 3′-UTR. The
APP 3′-UTR was cloned into a dual luciferase reporter construct. The 3′ -UTR reporter was
co-transfected into cultured human cells along with miR-101 mimics. Luciferase expression
was assessed using the dual luciferase assay. Following site validation, the effect of
miR-101 on native APP mRNA and protein expression was assessed by transfection of
miR-101 followed by RT-qPCR and Western blot analysis of cell extracts. Endogenous
miRNA regulation was also assessed in separate experiments by transfecting a miR-101
inhibitor and target protector.
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