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Abstract

Background: MicroRNAs (miRNAs) are a large group of RNAs that play important roles in regulating gene
expression and protein translation. Several studies have indicated that some miRNAs are specifically expressed
in human, mouse and zebrafish tissues. For example, miR-1 and miR-133 are specifically expressed in muscles.
Tissue-specific miRNAs may have particular functions. Although previous studies have reported the presence of
human, mouse and zebrafish tissue-specific miRNAs, there have been no detailed reports of rat tissue-specific
miRNA:s. In this study, Home-made rat miRNA microarrays which established in our previous study were used
to investigate rat neural tissue-specific miRNAs, and mapped their target genes in rat tissues. This study will
provide information for the functional analysis of these miRNAs.

Results: In order to obtain as complete a picture of specific miRNA expression in rat neural tissues as possible,
customized miRNA microarrays with 152 selected miRNAs from miRBase were used to detect miRNA
expression in 14 rat tissues. After a general clustering analysis, 14 rat tissues could be clearly classified into neural
and non-neural tissues based on the obtained expression profiles with p values < 0.05. The results indicated that
the miRNA profiles were different in neural and non-neural tissues. In total, we found 30 miRNAs that were
specifically expressed in neural tissues. For example, miR-199a was specifically expressed in neural tissues. Of
these, the expression patterns of four miRNAs were comparable with those of Landgraf et al., Bak et al,, and
Kapsimani et al. Thirty neural tissue-specific miRNAs were chosen to predict target genes. A total of 1,475 target
mRNA were predicted based on the intersection of three public databases, and target mRNA's pathway, function,
and regulatory network analysis were performed. We focused on target enrichments of the dorsal root ganglion
(DRG) and olfactory bulb. There were four Gene Ontology (GO) functions and five KEGG pathways significantly
enriched in DRG. Only one GO function was significantly enriched in the olfactory bulb. These targets are all
predictions and have not been experimentally validated.

Conclusion: Our work provides a global view of rat neural tissue-specific miRNA profiles and a target map of
miRNAs, which is expected to contribute to future investigations of miRNA regulatory mechanisms in neural
systems.
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Background

MiRNAs are a large class of tiny non-coding RNAs (~22 nt
long). They have been identified in many species and their
sequences have been published in databases [1]. MiRNAs
regulate a large number of genes in animals and plants by
binding to the 3'UTR or other regions of target mRNAs
leading to degradation or translational repression during
development, cell lineage division, and tumor generation
[2-5]. In animals, miRNA transfection experiments
showed that target genes are regulated by repression.
However, increased evidences demonstrated that even in
animals, target mRNAs can be degraded by miRNAs that
also play key roles in the processes of tumorigenesis and
cancer development [6,7].

MiRNA microarray technology is an efficient method to
generate miRNA expression profiles. These microarray
data can be used to extract information regarding the reg-
ulatory pathways initiated by miRNAs, especially regula-
tion due to degradation, by integrating the mRNA
expression profiles of predicted miRNA target genes. Such
an approach has been applied to study the functional
linkage between miRNAs and physiological or pathologi-
cal processes [8-10].

Recently, Thomson and his colleagues [11] used miRNA
microarray technology to study miRNA expression in
mice. They demonstrated that there is a relationship
between the expression profiles and the staged embryo
temporal regulation of a large class of miRNAs, such as
members of the let-7 family. Wienholds et al. [12], using
microarrays with locked-nucleic acid-modified oligonu-
cleotide probes, determined the temporal and spatial
expression patterns of 115 conserved vertebrate miRNAs
in zebrafish embryos. They found that most of the miR-
NAs were expressed in a highly tissue-specific manner dur-
ing different developmental stages and physiological
processes.

Several studies have indicated that some miRNAs are spe-
cifically expressed in human, mouse and zebrafish tissues
[4,12-20]. Because the rat is a general animal model for
biological research, tissue-specific expression of miRNAs
has recently been studied in this model. Wang et al. [21]
investigated the tissue-specific expression of miRNAs in
six rat tissues (lung, heart, brain, kidney, liver and spleen),
and found that miR-195 and miR-200c were expressed
specifically in the lung. Their work suggested that there is
some functional relevance between the lung-specific miR-
NAs identified and the normal physiological and patho-
logical processes of the lung. Landgraf et al. [18]
sequenced over 250 small RNA libraries from 26 tissue
systems and cell types in human, mouse, and rat, provid-
ing a mammalian miRNA expression atlas. To study
miRNA expression in the rat, they used six neural tissues
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or cell types (cortex, hippocampus, striatum, glioma, neu-
roblastoma and pheochromocytoma) and one non-neu-
ral tissue (thyroid) to generate miRNA expression profiles.
The expression of miRNAs in the vertebrate central nerv-
ous system, such as human, mouse and zebrafish, has
been previously reported [4,14-19]. For example, Bak et
al. reported 13 mouse central nervous system enriched
miRNA and found that 44 miRNAs were more than three-
folds enrichment in the brain regions. Kapsimali et al.
studied 38 abundant conserved miRNAs in developing
and adult zebrafish brain by using in situ hybridization
method and indicated that miRNAs have a different pro-
file in neural cells.

Previous studies mainly focus on miRNA expression in
human, mouse and zebrafish central nervous system or
brain different regions. In order to investigate the differ-
ences in miRNA expression profiles in rat neural and non-
neural tissues in detail, unlike the previous reports, we
deliberately selected seven rat neural tissues, including
central and peripheral neural tissues (olfactory bulb, cor-
tex, hippocampus, brain stem, hypothalamus, spinal cord
and dorsal root ganglion) and seven non-neural tissues
(heart, lung, muscle, spleen, testicle, kidney and liver). Of
these tissues, only two neural tissues (cortex and hippoc-
ampus) were previously studied by Landgraf et al. [18] to
analyze the miRNA expression profiles by sequencing.

Furthermore we investigated the functional information
of these neural tissue-specific miRNAs and the related reg-
ulatory networks, and the target genes of the selected miR-
NAs predicted by three public datasets (TargetScan, PicTar
and miRanda) were studied in detail by function and
pathway enrichment analysis. Thus, a global view of rat
neural-specific miRNA expression profiles and their target
maps was developed in this study.

Results

Main procedure

In this study, experiments and bioinformatics methods
were integrated to create a global view of rat neural tissue-
specific miRNAs, thus allowing their targets and functions
to be identified (Fig. 1).

MiIRNA expression profiles of 14 rat tissues

In this study, miRNA tissue expression patterns were stud-
ied in seven rat neural tissues (olfactory bulb, cortex, hip-
pocampus, brain stem, hypothalamus, spinal cord, and
dorsal root ganglion) and seven non-neural tissues (heart,
lung, muscle, spleen, testicle, kidney, and liver). In our
previous study, we established an oligonucleotide micro-
array platform to detect miRNA signals [22]. A total of 192
different probes including 20 rat precursor miRNAs and
20 internal controls were designed for the production of
customized miRNA microarrays, which represented 152
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The overall procedure. The overall procedure of neural tissue-specific miRNA identification and functional analysis of tar-
gets was composed of four parts: obtaining miRNA expression profiles of 14 rat tissues, classification of tissues, extraction of

signature miRNAs, and target mapping.
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rat miRNAs. Tissue-specific miRNA expression profiling
was performed based upon this platform. The correlation
coefficients of repeated experiments were greater than 0.9
in the microarray experiments. The present call rate
among all the microarrays was from 36% to 74%, with the
average present rate being 56%. The print-tip loess nor-
malization method was chosen for pre-processing the raw
data because this method yields high quality normalized
microarray data [23]. An expression data matrix of 152
miRNAs was produced, and this excluded all of the pre-
cursors and controls.

Fourteen tissues were clustered using a hierarchical clus-
tering strategy [24] based upon the expression data matrix
of the miRNAs that was produced. From the clustering
results, the neural and non-neural tissues were correctly
grouped into two classes (12 of 14, Fisher's test: p < 0.05)
(Fig. 2a), except for two tissues, the dorsal root ganglion
(DRG) and spinal cord. These tissues are generally consid-
ered part of the peripheral nerve system and were not
grouped into the central neural tissue class (Fig. 2a), and
this may be due to the peripheral location or intrinsic
physiological properties of these two tissues.

For further confirmation and visualization of the above
classifications, principal component analysis (PCA) was
also performed, and similar results were obtained (Fig.
2b).

Identification of neural tissue-specific miRNAs

Signature miRNAs for each tissue were extracted from
neural tissues for comparison of neural miRNA expression
profiles with non-neural tissues using the moderated t-test
and empirical Bayesian methods. In total, 30 relatively
specifically expressed miRNAs in neural tissues were
found with p < 0.1 (see Table 1 and Additional file 1).
These miRNAs have relatively higher expression levels in
neural tissues than in the seven non-neural tissues. The
olfactory bulb had the most neural-specific miRNAs; there
were 26 miRNAs highly expressed in the olfactory bulb
(Table 1). The DRG expressed eight miRNAs at high levels.
Furthermore, there were seven miRNAs that were only
expressed at high levels in one neural tissue, for example
let-7b, miR-16, miR-22, miR-206, and miR-143 specifi-
cally expressed in olfactory bulb (Fig. 3b). MiR-145 and
miR-365 were specifically expressed in DRG (Fig. 3a). In
order to intuitively detect tissue-specific miRNA signa-
tures, the miRNA expression matrix was rearranged as in
Figure 2c. Eight miRNAs were randomly selected and val-
idated by real-time PCR, and the data were reported in our
previous study [23].

Target mapping and functional annotation
To further investigate the functional significance of these
neural tissue-specific miRNAs and related regulatory net-
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works, heuristic information of the miRNA target genes
was needed. By integrating three public databases (Target-
Scan, PicTar and miRanda), 1,475 target genes of the 30
neural tissue-specific miRNAs were collected (see Addi-
tional file 2). Comparing with targets of randomly
selected miRNAs by hypergeometric test (p < 0.05), the
results indicated that these 1,475 targets were not
obtained by chance (see Additional file 3). Of the seven
neural tissues, the specific miRNAs in the olfactory bulb
had 1,442 target genes, which was a much greater number
of targets than the other neural tissues. These 1,475 target
genes were then carefully annotated by the GO function,
KEGG pathway, and regulatory network enrichment anal-
ysis.

GO function and KEGG pathway enrichments were per-
formed by mapping the predicted target genes from the
neural tissue-specific miRNAs to the GO and KEGG data-
bases, respectively. For these miRNAs, 51 GO functions
and 84 KEGG pathways were annotated. Each tissue had
its own enriched pathway and function (data not shown).
In this study, we have mainly presented the GO function
and pathway results from two tissues (olfactory bulb and
DRG) (Fig. 4 &5). In the olfactory bulb, which had the
highest number of neural tissue-specific miRNAs, "Regu-
lation of progression through cell cycle" was the most
enriched GO function (p = 0.005) (Fig. 5a). In the DRG,
four GO functions (cell migration, p = 0.033; negative reg-
ulation of transcription, p = 0.033; cytoskeleton organiza-
tion and biogenesis, p = 0.034; positive regulation of
transcription from the RNA polymerase Il promoter, p =
0.045) and five KEGG pathways (amyotrophic lateral scle-
rosis, ALS, p = 0.018; cytokine-cytokine receptor interac-
tion, p = 0.024; glycine, serine and threonine metabolism,
p = 0.034; seleno-amino acid metabolism, p = 0.034; adi-
pocytokine signaling pathway, p = 0.049) were signifi-
cantly enriched by the targets of 7 DRG specific miRNAs
(Fig. 4a, b). On the other hand, we randomly selected 7
DRG non-specific miRNAs for 100 times and predicted
their targets. Then, these targets were annotated to those
functions or pathways enriched in DRG. In these func-
tions and pathways, most of the average 100 p values were
more than 0.05 (see Additional file 4). These results indi-
cated that the enriched functions and pathways by the tar-
gets of 7 DRG specific miRNAs were significantly different
from those obtained by chance.

Furthermore, in order to identify regulatory relationships
amongst the target genes, we developed a strategy to con-
struct general gene regulatory networks by Transfac v9.4
and to match target genes into the resulting networks
using the Steiner Tree Algorithm. Finally, a specialized
connected regulatory network was extracted for the pre-
dicted target genes that were classified by tissue-specific
miRNAs. In the DRG, 161 target genes of the specific miR-
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MiRNA expression profiles. The expression profiles of neural and non-neural tissues were shown by a) hierarchical cluster-
ing methods and b) principal component analysis (PCA) methods. BS: brain stem; COR: cortex; DRG: dorsal root ganglion; H:
heart; HC: hippocampus; HT: hypothalamus; KD: kidney; LV: liver; LN: lung; MS: muscle; OB: olfactory bulb; SC: spinal cord;
SP: spleen; TT: testicle. The highly-expressed miRNAs in each tissue were rearranged by a heat map in c). The bars in a) and c)
denote the ratio of relative miRNA expression levels divided by the spike in oligo signals.
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Table I: Rat neural tissue specifically expressed miRNAs
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Tissue name MiRNA name

Hippocampus
miR-331.
Olfactory bulb

let-7c, let-7c-2, miR-128a, miR-124a-1, miR-124a-3, miR-148b, miR-150, miR-199a, miR-217, miR-28, miR-29b-1, miR-329,

let-7b, let-7c-1, let-7c-2, miR-10a, miR-16, miR-17, miR-21, miR-22, miR-28, miR-29¢c, miR-124a-1, miR-124a-3, miR-128a,

miR-135b, miR-143, miR-148b, miR-150, miR-199a, miR-206, miR-217, miR-223, miR-29b-1, miR-329, miR-33 1, miR-429,

let-7c-1, miR-10a, miR-21, miR-124a-1, miR-128a, miR-135b, miR-150, miR-199a, miR-217, miR-329, miR-451.
miR-17, miR-29¢, miR-124a-1, miR-128a, miR-150, miR-199a, miR-217, miR-223, miR-329, miR-429.

miR-451.
Cortex
Hypothalamus
Spinal cord miR-28, miR-217, miR-218-1, miR-329, miR-331.
Brain stem let-7c-1, miR-17, miR-135b, miR-150, miR-199a, miR-218-1, miR-223, miR-329.

Dorsal root ganglion

let-7¢c, miR-17, miR-145, miR-150, miR-199a, miR-223, miR-365, miR-451.

NAs were included in the regulatory network (Fig. 4c, red
circles). Of these, the SP1 gene occupied the central posi-
tion in the network, and it regulated many more down-
stream genes than other regulatory genes in the DRG. In
the olfactory bulb, 160 target genes were included (Fig. 5¢,
red circles).

Three kinds of enrichment maps for function, pathway,
and regulatory networks were generated for each tissue.
Figures 4 and 5 show examples of the three maps for the
miRNA targets expressed in the DRG and olfactory bulb,
which may provide insights into the combinatorial regu-
lation mechanisms initiated by tissue-specifically
expressed miRNAs.

Discussion

In this study, high-throughput miRNA microarray tech-
nology with 152 miRNAs selected from miRBase was used
to detect miRNA expression in 14 rat tissues. The seven
neural tissues selected included olfactory bulb, cortex,
hippocampus, brain stem, hypothalamus, spinal cord,
and dorsal root ganglion. The tissues selected represented
both the central and peripheral nervous systems. The neu-
ral miRNA expression profiles were compared with pro-
files from seven other tissues, including heart, lung,
muscle, spleen, testicle, kidney, and liver in order to iden-
tify neural-specific miRNAs. Although several studies have
previously reported the existence of neural-specific miR-
NAs, only the striatum, cortex, and hippocampus were
selected for these previous analyses. For example, Land-
graf et al. [18] studied the mammalian miRNA expression
atlas by sequencing 250 small RNA libraries representing
26 different human and rodent organ systems and cell
types, and Wang et al. [21] used home-made miRNA
microarrays to identify the rat lung-specific miRNAs, miR-
195 and miR-200c. The number of tissues in this work was
up to date the largest rat nerve system related tissue set.
The miRNA expression data were integrated with carefully
screened functional data from public databases using bio-
informatics and bio-statistics based strategies. Tissue-spe-
cific miRNA expression profiles were obtained from rat

neural and non-neural tissues, and the neural tissue-spe-
cific expression profile related miRNAs and their signifi-
cant target genes. This provided a global view of rat tissue-
specific miRNA profiles and their target maps, thus con-
tributing to a better understanding of the role of miRNAs
in neural systems. In comparison to the previous studies
that investigated neural-specific miRNA expression, we
have obtained a more detailed picture of rat tissue miRNA
expression profiles using a larger number of neural tissue
types. Moreover, based upon our analyses of tissue-spe-
cific expression profiles, the resulting signature miRNAs
may be used as biomarkers for the classification of tissues
from different sources.

After performing the data analysis, we found a total of 30
miRNAs that were specifically expressed in neural tissues.
In them, four miRNAs (miR-9, miR-124, miR-128a and
miR-128b) were previously reported to be specifically
expressed in the cortex and hippocampus in rat [18].
Comparing with other animals such as mouse or
zebrafish, the expression of several miRNAs agrees with
previous study. For example, in mouse [14], miR-10b is
highly expressed in spinal cord; miR-124 is widely
expressed in brain tissues; miR-200b, miR-128a, miR-
128b, miR-429 are specifically expressed in olfactory
bulb; miR-200a is highly expressed in olfactory bulb; miR-
7b is highly expressed in hypothalamus. Moreover, miR-
200b is enriched in zebrafish olfactory bulb; miR-124 and
miR-9 expression are detected throughout adult brain
[16]. But more neural specifically expressed miRNAs were
found in rat tissues in this study. Although the data were
generated from completely different platforms or meth-
ods and different miRNA probe sources were used in these
studies, several miRNA expression patterns were consist-
ent with previous results, in which the same types of tis-
sues were used in different animal models. Collectively,
the data provides convincing evidence that tissue-specific
miRNA expression processes and related regulatory mech-
anisms are highly stable, and may also indicate that the
regulatory mechanisms mediated by miRNAs are con-
served, and may play a more important role in physiolog-

Page 6 of 12

(page number not for citation purposes)



BMC Genomics 2009, 10:214 http://www.biomedcentral.com/1471-2164/10/214

>

miR-145 miR-365

0.8 A

Relative
expression level
o o o
o N - (o))
He 0—1
o [+
BS H-i
)_<
sc
HE[ " h
KD [H
Lv [BH
LN H’i
MS E—*
ss [
]
=)
o W -
e =
BS | i
cor [
HT —
(ON ——
I e
W[
Ms [ 34—
s [
ml___ 3

o
4
o
2
L
-—
N
w

o

§ 15 -
o 2 2.5
g 5 21 1
© ‘5 151
& 3 1 0.5
—
S ]
5 " I Mﬂ i ﬁ
o 0- 0 b =
©Z8EERESAAEREE SEREEYE83525E

Relative
expression level
o =
o O, - U N
BS |:|—|
COR E—i
se C——_FH
HE E—i
KD B—I
I =
-
MS E—|
SP E—l
T E—{
DRG H(
o :
o w -
HC —|_|_|

B 151
>
[}
o 2
2 s 7
T 5
O » i
o 9 0.5 1_‘ "I“
& 0.l
a‘, 0 T&\llﬁ |i‘E|rE
EEREERESIZESE

Figure 3

Neural tissue-specific miRNAs in the DRG and olfactory bulb. Neural tissue-specific miRNAs in a) DRG and b) olfac-
tory bulb. The Y-axis denotes log, value of the relative expression levels. BS: brain stem; COR: cortex; DRG: dorsal root gan-
glion; H: heart; HC: hippocampus; HT: hypothalamus; KD: kidney; LV: liver; LN: lung; MS: muscle; OB: olfactory bulb; SC: spinal
cord; SP: spleen; TT: testicle.
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Target mapping of neural tissue-specific miRNAs in the DRG. Targets of neural tissue-specific miRNAs mapping in a a)
function enrichment graph, b) pathway enrichment graph and c) regulatory network graph (by the Steiner tree algorithm) in
the DRG. In a), each bar represented the targets of both highly-expressed and less-expressed miRNAs, which were annotated
to the GO database in the DRG. The blue column represented the total number of these targets. The number in each bar rep-
resents the p value obtained using Fisher's test. The significant p values are in red (p < 0.05) and non-significant p values are in
green (p > 0.95). In b), the red parts represent the targets of specifically expressed miRNAs in the heat map. In c), genes in red
represent targets of tissue-specific miRNAs, the blue shows genes that are not targets of tissue-specific miRNAs, and the

arrows represent the direction of regulation.

ical or pathological processes that previously believed. We
identified a number of miRNAs specifically expressed in
neural tissue; however, the functions and cell type distri-
butions of most of the miRNAs were not clear. These will
be studied in detail in the future.

Furthermore, targets of the specifically expressed miRNAs
were mapped to gene function databases, pathway data-

bases, and regulatory networks. This approach clearly
illustrated that specifically expressed miRNAs and their
targets perform integrated regulatory functions. For exam-
ple, the fact that a large number of miRNAs were very
highly expressed in the olfactory bulb but not in other tis-
sues suggests that more specific combinatory regulation
mechanisms may be performed by these miRNAs and
their targets. The only enriched GO function in the olfac-
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Target mapping of neural tissue-specific miRNAs in the olfactory bulb. Targets of miRNA mapping in a a) function

enrichment graph, b) pathway enrichment graph and c) regulatory network graph (by the Steiner tree algorithm) in the olfac-
tory bulb. In a), each bar represented targets of both highly-expressed and less-expressed miRNAs, which were annotated to
the GO database in the olfactory bulb. The blue column represents the total number of these targets. The number in each bar
represents the p value obtained using Fisher's test. The significant p values are in red (p < 0.05) and non-significant p values are
in green (p > 0.95). In b), the red parts represent targets of specifically expressed miRNAs in the heat map. In c), red repre-

sents genes that were targets of tissue-specific miRNAs, blue represents genes that were not targets of tissue-specific miRNAs,

and the arrows represent the direction of regulation.

tory bulb is "regulation of cell cycle", which could be
affected by processes that modulate the rate or extent of
progression through the cell cycle. In the DRG, there are
more enriched functions, such as cell migration, cytoskel-
eton organization, and biogenesis, negative regulation of
transcription, and positive regulation of transcription
from the RNA polymerase II promoter. The pathways
enriched in the DRG are those associated with amyo-

trophic lateral sclerosis, cytokine-cytokine receptor inter-
actions, glycine, serine and threonine metabolism,
seleno-amino acid metabolism, and the adipocytokine
signalling pathway. These results imply that as the pri-
mary afferent sensory neuron, the DRG takes on a very
important role in sensory signal transduction, conduc-
tion, and transmission. This study described the neural
specifically expressed miRNA target genes, gene ontology
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and network information. Biological validation experi-
ments needed to be further studied.

In this study, tissue-specific expressed miRNAs were also
classified into different groups based on the information
regarding miRNA families found on the Sanger website.
Groups containing more than one miRNA were selected
to compute inter-family and intra-family correlation coef-
ficients. The analyses indicated that there were no signifi-
cant differences between the correlation coefficients of
intra-family and inter-family miRNAs (data not shown).
This is not a surprising result, given that compensatory
mechanisms of miRNAs are known to exist.

In summary, this study attempted to create a holistic view
of rat tissue-specific miRNA expression profiles and com-
binatorial regulation mechanisms using seven neural tis-
sues and seven non-neural tissues. By integrating the data
and information obtained from function enrichment,
pathway enrichment, and regulatory networks of tissue-
specific miRNA targets, we also obtained regulatory net-
works mediated by tissue-specific miRNAs in an intuitive
manner. Our strategies for extracting significant tissue-
specific miRNA expression profiles, approaches for public
data integration and extensive curated data sources may
serve as valuable tools for the further experimental inves-
tigation of regulatory mechanisms of miRNAs in neural
systems.

Conclusion

In this study, we selected seven neural tissues and seven
non-neural tissues and analyzed their tissue-specific
miRNA expression profiles. After performing general clus-
tering procedures, the 14 rat tissues can be clearly classi-
fied into neural and non-neural tissues based on their
miRNA expression profiles. Thirty miRNAs were found to
be specifically expressed in neural tissues. The neural-spe-
cific miRNAs were chosen to predict target genes based on
three public datasets, and then a pathway analysis of these
target genes was performed. The data from this study will
contribute to further investigations of miRNA regulatory
mechanisms in neural systems, as well as to functional
studies.

Methods

Tissue preparation and total RNA isolation

Ten Sprague-Dawley male rats (body weight, 200-250 g)
were used to prepare samples from the 14 normal tissues
used in these experiments. Seven neural tissues (olfactory
bulb, cortex, hippocampus, brain stem, hypothalamus,
spinal cord, and dorsal root ganglion) and seven non-
neural tissues (heart, lung, muscle, spleen, testicle, kidney,
and liver) from each rat were selected. The experiments
were approved by the Committee of Use of Laboratory
Animals and Common Facility, Institute of Neuroscience,
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Chinese Academy of Sciences. Total RNAs from all the
samples were extracted using the mirVana™ miRNA Isola-
tion Kit (Ambion). The quality of the RNA was assessed
with the Bioanalyzer 2100 (Agilent). Total RNAs from the
same tissues of different rats were combined in order to
eliminate individual diversity.

MIiIRNA microarray platform

An oligonucleotide microarray platform was established
to detect miRNA signals. A total of 152 rat miRNA probes,
which were 40 nt long, were designed for the miRNA
sequences. These sequences corresponded to the rat miR-
NAs published in the miRNA Registry http://
www.sanger.ac.uk/Software/Rfam/mirna. Moreover, 14
control probes were also designed, including eight rat
tRNA sequences for positive controls and six Arabidopsis
thaliana miRNA sequences for negative controls. Six blank
control probes were also designed. Each probe was
repeated three times in each microarray. In this microar-
ray platform, the sample miRNA was labelled with Cy5,
while spike in oligos were labelled with Cy3 for data nor-
malization. The subsequent details of microarray fabrica-
tion, sample labelling, and microarray hybridization can
be found in our previous study [22].

Data pre-processing and validation

For the first step of the pre-processing procedure, the Cy5
signal was divided by the Cy3 signal with the spike in
oligo sequence for each spot in the microarrays.

The print-tip loess method was used to normalize the
miRNA microarray data according to our previous work
[23]. The normalized microarray data was validated by
using real-time PCR method [23].

Clustering and principal component analysis

The hierarchical clustering method [24] was used to clas-
sify different tissue patterns. Principal component analy-
sis (PCA) [25] was used to produce a two-dimensional
graph of the distances between different tissues.

Tissue-specific miRNA identification

The relative expression levels of each miRNA in the 14 tis-
sues were compared pairwise by the moderated t-test. If
the 13 comparisons of one miRNA in any tissue with the
other tissues all had statistical significance (p < 0.1), then
that miRNA was considered as tissue-specific in that par-
ticular tissue. The p value was adjusted by using the empir-
ical Bayesian approach [26]. The significance of the
difference between neural tissues and non-neural tissues
was measured by the Fisher's test.

Target prediction
Three types of miRNA target prediction software, TargetS-

can http://www.targetscan.org, PicTar http://pictar.mdc-
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berlin.de, miRanda http://www.microrna.org/microrna/
home.do, were used to predict the target genes of 30 neu-
ral tissue specifically expressed miRNAs. The intersection
of these three datasets was used as the prediction results of
the target genes of 30 miRNAs.

Enrichment information

The GO [27] package in R http://www.r-project.org/ was
used to annotate the functions of the miRNA targets. If
any function was mapped by more than 100 targets of tis-
sue-specific miRNAs, then it was selected. The KEGG [28]
package in R was used to annotate the pathways of the
miRNA targets. If any pathway was mapped by more than
five targets of the tissue-specific miRNAs, then it was
selected. A hypergeometric test was used to validate the
significance (p < 0.05) of the annotated information.

Regulatory networks were obtained from Transfac v9.4
http://www.gene-regulation.com/pub/databases.html.

The targets of specific miRNAs were mapped to the net-
works. The Steiner Tree Algorithm was then used to find
the connected sub-networks containing these targets [29].

The miRNA family information on the Sanger website was
used to analyze the family classifications [1].
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Histogram of p value distribution. 30 non-neural specific miRNAs were
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obtain 1000 p values by hypergeometric test. The distribution of the 1000
p values was shown as a histogram.
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List of p values of DRG enriched functions or pathways by random tar-
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> 0.05 denotes that these functions or pathways were not enriched by
chance.
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