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Editorial

Studying microRNAs in the brain: Technical lessons learned from the first ten years
Introduction

Although the area of miRNA research in the nervous system is
still in its infancy, it has come quite a long way in the last ten
years. Much has been learned from diverse sources, experimental
systems, and approaches, making it easy to become dazzled and in-
timidated. We are confronted with new breakthroughs almost on a
weekly basis! Most of the future theoretical advancements will be
created in parallel with, or even secondary to, technical innova-
tions. Already, miRNA researchers experience a challenging array
of technical tools. Just for miRNA expression analyses, one could
use microarrays, PCR, Northern blot, deep sequencing, and dozens
of more specialized analytic platforms (Nelson et al., 2006; Roy et
al., 2011; Streichert et al., 2011), and it is not always easy to select
a reliable choice, much less a “gold standard”.

By means of introduction to this exciting special issue of Experi-
mental Neurology, dedicated to the study of miRNAs in neurons and
neurodegeneration, we provide for our readers an admittedly sub-
jective list of ten “issues” that have been learned through experience
in this demanding field. The described topics are mainly technical in
nature, but in many ways applied methodological considerations in-
teract with theoretical aspects of miRNA biology, for instance the
tendency of miRNAs to work through different mechanisms in dif-
ferent biological (and thus experimental) contexts. We discuss
these “issues” that we have experienced in our own work and recog-
nized in the field in general. It is hoped that these discussions may
in some way be useful, or may complement our colleagues' research
efforts, as we embark in the next 10 years of miRNA research in the
brain.

Issue #1. The number of highly expressed miRNAs in the adult brain is
relatively low, and modestly expressed “annotated” miRNAs are some-
times not validated when evaluated by Northern blot analyses.

Although it seems as though new miRNAs are constantly being
discovered and annotated, the characterization of the human miR-
Nome has probably reached a point of diminishing returns. This
perspective derives from expression profiling involving a number
of different platforms (see for example Nelson et al., 2008b) and re-
cent deep sequencing efforts providing base level resolution of
small RNA populations. We have found while studying the human
brain miRNA repertoire that the probable number of miRNAs that
are expressed in moderate-to-high copy number is under 200,
and the truly high-copy miRNAs (depending on how these are de-
fined) are only in the few dozens (Table 1 and Fig. 1). Fig. 1
shows the partial results of deep sequencing of small RNA from
nondemented human brain temporal gyri. It is noteworthy that
only a handful of miRNAs represent the great majority of total
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counted small RNAs in this sample. More detailed description of
our analyses of deep sequencing in human brain will be described
elsewhere. This is an important idea to keep in mind because the
biological activities of the highly expressed miRNAs may be quanti-
tatively more impactful than the lowly expressed miRNAs (see Issue
#6 below). Yet, we still do not know the exact relationships be-
tween miRNA “expression” (i.e., the copy number of a given
miRNA in a cell) and miRNA “activity”.

What we do know is that a number of annotated miRNAs, when
evaluated in the brain, do not show Northern blot patterns compati-
ble with classic pre-miRNAs and mature miRNAs (Nelson et al.,
2010; Wang et al., 2011). This is even the case for some miRNAs
that show high “expression” on a miRNA microarray (Wang et al.,
2011). Thus, while some small RNAs populations remain to be fully
characterized (e.g., snoRNAs, piRNAs, rasiRNAs, crasiRNAs, sdRNAs,
etc.), the number of moderate-to-high expressed brain miRNAs – as
currently defined – has likely reached a plateau.

Issue #2. Computational methodology needs to be viewed with critical
scrutiny, and we need more experimental validation to refine the compu-
tational algorithms for miRNA:target predictions.

Computational methods have provided vitally helpful tools for
miRNA research. However, the results of predictive logarithms
should not always be conflated with experimental outcomes. The
current miRNA prediction programs such as TargetScan (Lewis et
al., 2005), MicroCosm (Griffiths-Jones et al., 2008), Pictar (Krek et
al., 2005), rna22 (Miranda et al., 2006), and others are impressive,
but it should be noted that each has different assumptions (e.g.,
percentage of target conservation, structural conformation, free en-
ergy of duplex formation, and whether limited to 3′UTR targeting),
and, for any given target prediction, they tend to arrive at differing
predictions. In some circumstances the assumptions overlap, and
thus the predictive results overlap, but these do not necessarily
strengthen the validity of their conclusions. While important and
necessary, it is difficult for any algorithm to capture all of the bio-
logical complexities of miRNA function, particularly in an organ as
complex as the human brain. It has become clear that different
miRNAs may work according to idiosyncratic ‘binding rules’. Specif-
ically, miR-107 tends to systematically recognize open reading
frame of some targets, in contradistinction to miR-124 and other
miRNAs (Nelson et al., 2010, 2011; Wang et al., 2010a, 2010b,
2010c), and this level of complexity will need to be incorporated
into future predictive algorithms. Furthermore, many miRNAs ap-
pear to be trafficked into the nucleus where the targeting functions
may be quite different from the cytoplasmic miRNAs (Hwang et al.,
2007; Marcon et al., 2008; Tan et al., 2009; Weinmann et al.,
2009).
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Table 1
Comparison of microarray vs. deep sequencing data. miRNA expression analyses from
two different expression profiling platforms. For both platforms, RNA was isolated,
using Trizol LS, from superior and mid-temporal gyrus (Brodmann Areas 21/22) of
nondemented elderly human brain. See text for more details.

Top 20 miRNAs Microarray Deep sequencing

1 miR-125b miR-26a
2 miR-124 let-7a
3 miR-29a miR-125b
4 miR-26a miR-22
5 let-7b let-7f
6 miR-107 miR-27b
7 let-7c miR-127-3p
8 miR-103 miR-9
9 miR-128 miR-125a-5p
10 let-7a miR-143
11 miR-221 miR-99b
12 miR-23b miR-100
13 miR-125a miR-30a
14 miR-145 miR-128
15 miR-24-1,2 let-7g
16 miR-99a let-7c
17 let-7d miR-191
18 miR-143 miR-138
19 miR-143a miR-30e
20 miR-129-3p miR-126-3p
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Issue #3. 3′UTR luciferase assays are not unassailable methods for tar-
get validation.

It is easy to be impressed by the robustness and functionality of
the experimental approaches that can be obtained using 3′UTR lucif-
erase assays. These assays are clearly among the most widespread
and (in some senses at least) reliable experimental contexts for
miRNA:target validation. The merits of this system relate both to
the well-optimized reagents, and the fact that the cancer cell lines
that are usually used (e.g., HEK293, HeLa) are also robust biological
models that generally have a functional Argonate:miRNA apparatus,
although the full relevance of the protein and RNA components to
Fig. 1.miRNA deep sequencing of the human brain. RNA isolated from the superior and
middle temporal gyrus was analyzed using deep sequencing (see text for more details),
resulting in slightly over 1,000,000 reads of annotated miRNAs. Note the Y axis uses a
logarithmic scale to describe the number of a particular miRNA species; each blue dia-
mond is a particular annotated miRNA. Fewer than 900 total annotated miRNAs were
detected, of which fewer than 200 were detected with more than 100 reads in this
sample. More than one-third (358,073) of the total miRNAs were represented in the
top four high copy number miRNAs. These data underscore the point that relatively
few miRNAs are highly expressed in brain.
actual neural tissue is debatable (see Issue #8 below). Other points
of caution are the physiological relevance of these assays and choice
of miRNA candidates.

The complexity of mRNA processing in human brain is even more
extreme due to the fact that a significant (~30%) of miRNA:mRNA ef-
fects are not on the 3′UTR according to high-throughput sequencing
of RNA isolated by crosslinking immunoprecipitation (HITS-CLIP)
data (Chi et al., 2009). In addition, human 3′UTRs are long with com-
plex cis- and trans-regulators (Dreyfuss et al., 2002; Mazumder et al.,
2003), and the transfection reagents used in some 3′UTR studies may
have secondary effects on the miRNA processing. In our experience,
up to 50% of candidate miRNAs identified using bioinformatics can
modulate luciferase activity under co-overexpression paradigms
(Delay et al., 2011; Hebert et al., 2008, 2009). However, a positive sig-
nal may not necessarily reflect a natural phenomenon, as candidate
miRNAs are not necessarily co-expressed with their targets and
many other parameters affect 3′UTRs. For example, 3′UTR length
may vary according to developmental stage, tissue, and/or cell type,
and thus the “canonical” 3′UTR generally used in luciferase experi-
ments may be non-representative. A specific example is shown in
Fig. 2 using the Amyloid precursor protein (APP) 3′UTR. In sum, al-
though 3′UTR reporter assays are powerful technical tools, they
should be complemented with neuronal cell-based studies at mini-
mum, ideally on endogenously expressed proteins.

Issue #4. Tissue culture miRNA experiments need adequate experimen-
tal controls.

ManymiRNA experiments are performed downstream of bioinfor-
matics, so a researcher is often evaluating evidence for or against a
Fig. 2. 3′UTR length heterogeneity as observed using 3′RACE-PCR. RNA was isolated
from wildtype mouse organs, mouse primary cortical neurons, and human MCF-7
cells were used to perform 3′ Rapid Amplification of cDNA 3′ Ends (RACE) PCR using
APP-specific oligonucleotides. These assays reveal changes in APP 3′UTR length and
abundance depending on developmental stage, age, cell type and organ. Arrows indi-
cate various 3′UTR products. Different 3′UTRs for a given transcript is probably one
of many ways that miRNA targeting is regulated in the brain.

image of Fig.�2
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particular hypothesis that was predicted to occur. Experiments in this
context should be performed with the aim of disproving a hypothesis,
not with the aim of proving it. Thus, for miRNA tissue culture exper-
iments a high bar should be maintained with regard to the number
and subtypes of experimental controls. As a practical example, it is
probably optimal to include multiple control miRNAs in transfection
experiments, multiple reporter constructs in luciferase assays, multi-
ple potential targets in some circumstances where the specificity of
miRNA:target interactions is being hypothesized, and an evaluation
of more than a single cell line to prove a given phenomenon can be
expected to occur in a broad context. And of course it is an ethical ob-
ligation to report the results of all the controls that were evaluated.

Issue #5. For miRNA expression analyses, there is simply no gold stan-
dard; every method has technical biases that should be incorporated
into study design.

The assessment of miRNA expression is deceptively challenging.
Each high-throughput method for quantifying the amount of multiple
miRNAs in a particular sample has its own biases. For example, deep
sequencing harbors biases related to the necessity of “tagging”
(with RNA ligase) and amplifying the small RNA products (Hafner
et al., 2011). Real-time quantitative polymerase chain reaction (RT-
qPCR) entails biases related to the method itself (e.g., cDNA produc-
tion and biases related to the universal probes) and do not take into
consideration the 5′ and 3′ end biological variation in miRNAs.
Other hybridization-based methods (e.g., microarrays) are limited
by the fact that one only sees output related to the probes on the
array, and there is always some degree of cross-reaction, with both
false-negatives and false-positives. Northern blots, which may be as
close as possible to a “gold standard”, are semi-quantitative in nature
and limited by the low throughput and the amount of material re-
quired. Other miRNA expression platforms are more individualized
and have not received the validation from sufficient number of inde-
pendent laboratories to date. In our experience, very “credible” (in
terms of theoretical underpinning and near-perfect replicability for
biological replicates) expression data can be produced using a partic-
ular sequencing platform, but the results still differ substantially be-
tween platforms. Note for example in Table 1 that miR-124 is not
among the top 20 miRNAs detected using small RNA deep sequenc-
ing, in contrast to the results using tissue from the same source but
profiled using a microarray exactly as described previously (Wang
et al., 2008). Thus, no individual method can be used exclusively,
and the result of one technique needs to be validated when possible
using at least one independent method. There is also a substantial
issue related to the normalization methods, which require important
assumptions, as has been previously discussed (Meyer et al., 2010;
Nelson et al., 2008b; Sarver, 2010).

Issue #6. In terms of miRNA expression changes, the current emphasis
of “fold-change” is problematic; it is likely more biologically relevant to
have a small % change in a highly expressed miRNA than a large % change
in a negligibly expressed miRNA.

Focusing on “fold-change”without commensurate attention to the
baseline expression patterns could lead to faulty conclusions. There is
extreme variation in RNA copy numbers among transcripts; this is
even truer for miRNAs than for messenger RNAs (mRNAs). For exam-
ple, the highest copy number for abundant neuronal mRNAs is gener-
ally below 2500 copies per cell and over 90% of cells have fewer than
100 mRNA copies per cell (Carter et al., 2005; Femino et al., 1998;
Latham et al., 1994). By contrast, a high-copy miRNA may be present
in over 25,000 copies per cell (Chen et al., 2005; Liang et al., 2007; Lim
et al., 2003) (and see Lu and Tsourkas, 2009). This may reflect the fact
that a miRNA's activity is more sensitive to “mass effect” (passively
occupying a mRNA target with imperfect target specificity) in con-
trast to an mRNA in which a single copy can be recruited to produce
hundreds or thousands of polypeptides per day. A 10% perturbation
in an abundant neuronal miRNA, such as miR-125b, would probably
translate to a change in ~2000 copies of the miRNA per cell, whereas
for a miRNA with 10 copies/cell, an increase to 30 copies per cell may
not necessarily have a profound effect on that cell's function.

Issue #7. It can be advantageous to complement tissue-level miRNA ex-
pression changes using single cell-level methods.

Many miRNAs are expressed in a cell-type specific manner, and
this is particularly true in the central nervous system where neurons,
glial cells, and vascular cells express differing retinues of miRNAs.
This fact makes it important to use in situ hybridization (ISH) or
some other single-cell method to better understand which cells ex-
press which miRNAs. In some diseases, and in other contexts that
may be used for comparison's sake at the tissue level (e.g., develop-
mental stages), there can be a replacement and/or a loss/gain of a par-
ticular cell population that can make tissue-level profiling
problematic. For example, at the tissue level, miR-124 is “down-regu-
lated” in oligodendroglial brain tumors (Nelson et al., 2006). Howev-
er, using ISH it was found that the decreased miR-124 that was
observed in brain tumor tissue was an artifact; higher-grade neo-
plasms had fewer neurons intermingled with the tumor cells and
miR-124 was therefore just a bystander. By contrast, ISH showed
that miR-9, which was up-regulated at the tissue level, was indeed
expressed in the tumor cells (Nelson et al., 2006). This is just one ex-
ample to illustrate the necessity of corroborating tissue-level miRNA
profiling with ISH (Nelson and Wilfred, 2009).

Issue #8. More in vivo models are required; the mechanistic reliance on
cancer cell lines has some downsides because living tissues, particularly
the brain, may well have different mechanisms at play.

After productive miRNA research was performed in plant species,
C. elegans, and D. melanogaster, much of the work on mammalian
miRNA function and targeting, and many of the particular highly-
expressed human miRNAs, were first performed in human cancer
cell lines. As has been commented previously (Nelson et al., 2010)
there are compelling reason to use these robust, easy to transfect,
well-characterized, clonal cells for easily replicable hypothesis test-
ing. However, there are also good reasons to reflect on the essential
characteristics of tumor cell lines: they are neoplastic, they tend to
have extensive chromosomal abnormalities, and they are selected
for particular characteristics (robustness, transfectability, plate ad-
herence, etc.) that are inimical to normal biological processes. The
very survival and passage number of cancer cells in culture is evi-
dence of stark differences relative to most normal cells, and in partic-
ular neurons. In sum, tumor cell lines are non-physiologic. Of direct
relevance to the present review, cancer cells tend to have suppression
of miRNA expression and/or modification of miRNA processing pro-
teins (Adams et al., 2009; Chung et al., 2009; Ciafre et al., 2005; Guo
et al., 2009; Wijnhoven et al., 2007). It truly seems likely that in vivo
mammalian brain cells will have evolved mechanisms that differ in
some important ways relative to these cultured cells. Some in vivo
systems have been developed already (Delay and Hebert, 2011).
However, we anticipate future technically improved and validated
in vivo experimental systems for mechanistic manipulations of miR-
NAs and the miRNA-processing machinery.

Issue #9. Post-mortem brain studies should always include detailed
biochemical, neuropathological, and clinical details.

Most human neurodegenerative diseases (e.g., Alzheimer's dis-
ease, synucleinopathies, hippocampal sclerosis, and fronto-temporal
lobe dementia) are essentially human specific (Rapoport, 1990;
Rapoport and Nelson, 2011), so miRNA research devoted to studying
these diseases must at some point assess actual human brain tissues.
This is a necessary stage for validating any hypothesis, providing clin-
ical relevance to findings, and also is important for developing new
hypotheses to test in other systems. Confidence in the value of
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high-quality RNA requires complementary data about clinical and
pathological parameters. This is particularly true for disease tissues
from Alzheimer's disease, in which disease progression itself contrib-
utes to RNA deterioration (Hebert and De Strooper, 2009; Nelson and
Keller, 2007; Nelson et al., 2008a). Further, it has been shown that
miRNAs can rapidly degrade postmortem (Sethi and Lukiw, 2009).
In our experience, a fairly low percentage (depending on brain bank
origin) of processed post-mortem tissues processed is of suitable
quality for RNA-related studies. Thus, biochemical (e.g., RNA integrity
number, 260/280 absorbance ratio, pH measurement), neuropatho-
logical (e.g. amyloid load, tangles) and clinical profiles (e.g., gender,
memory score, MRI scans) are appropriate data to include in novel
publications.

Issue #10. MiRNAs may have more roles to play: the big(ger) picture.
Current technologies such as high-throughput RNA sequencing

and mapping of Ago-miRNA binding sites in vivo have taught us
that miRNA gene regulatory networks are immensely complex, and
the “one-miRNA-one-target” concept is extremely over-simplistic.
Some miRNAs may work in the nucleus possibly affecting transcrip-
tion and RNA processing (Hwang et al., 2007; Maniataki and
Mourelatos, 2005; Tan et al., 2009), miRNAs may in some circum-
stances upregulate translation (Lytle et al., 2007; Steitz and
Vasudevan, 2009), antisense RNAs can interact dynamically with
miRNAs (Faghihi and Wahlestedt, 2009; Modarresi et al., 2011), and
many miRNA:mRNA interactions are probably relatively subtle “tun-
ing” rather than a dichotomous effect (Bartel, 2009). Further, down-
stream effects of miRNAs can include drastic global changes in
mRNA splicing that are relevant to neuronal differentiation and AD
pathogenesis (Makeyev et al., 2007; Smith et al., 2011a, 2011b).

As an indication of the complexity of miRNA:mRNA interactions,
we refer our readers to databases such as starBase (starbase.sysu.
edu.cn/), which allow searching for validated miRNA targets in vivo,
including in the brain. Existing microarray and cell-based studies pro-
vide a strong “theoretical” foundation to move forward and place
these data into biological context. Also, recent advances in bioinfor-
matics programs such as IPA (ingenuity.com) allow for global ana-
lyses of mRNA:miRNA networks using microarray data. Future
research should therefore consider these new technologies – from
which most data are publicly available – to develop new ideas while
integrating the now multi-factorial aspects of miRNA research, for in-
stance by complementing in “wet lab” data with bioinformatics.
Conclusion

The human brain is incredibly complex with ~1018 synapses that
derive from a template of only ~105 protein-coding genes (Nelson
and Keller, 2007). That is 1000-fold more synapses per gene than
mice overall, and approximately 1.5 times more synapses per neuron
than mice (DeFelipe et al., 2002). It has been hypothesized that non-
coding RNA-based gene expression regulation – very much including
miRNAs – is likely an important component of evolutionary change in
mammalian nervous systems (Hausser et al., 2009; Heimberg et al.,
2008; Nelson and Keller, 2007). As bench researchers studying miR-
NAs in the brain, we should constantly push our critical thinking,
and not necessarily defer to newly minted dogmas (“what we now
know”) because what we don't know is so much vaster. Having said
this, we anticipate that the next 10 years of miRNA brain research
will engender exciting new technologies, ideas, and breakthroughs.
The development of new tools will be necessary to catch a better
glimpse at the complex networks involved in brain function and, im-
portantly, dysfunction. We hope that the issues presented herein,
amongmany others, will help pave the way to understanding the mo-
lecular mechanisms underlying neurodegenerative diseases, a global
concern in our aging world.
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