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proximal sciatic nerve after sciatic nerve transection
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The peripheral nervous system is able to regenerate after injury, and regeneration is associated with the expression of many
genes and proteins. MicroRNAs are evolutionarily conserved, small, non-coding RNA molecules that regulate gene expression
at the level of translation. In this paper, we focus on the identification and functional annotation of novel microRNAs in the
proximal sciatic nerve after rat sciatic nerve transection. Using Solexa sequencing, computational analysis, and quantitative
reverse transcription PCR verification, we identified 98 novel microRNAs expressed on days O, 1, 4, 7, and 14 after nerve
transection. Furthermore, we predicted the target genes of these microRNAs and analyzed the biological processes in which
they were involved. The identified biological processes were consistent with the known time-frame of peripheral nerve injury
and repair. Our data provide an important resource for further study of the role and regulation of microRNAs in peripheral

nerve injury and regeneration.
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Peripheral nerve injuries are relatively common in clinical
practice. The peripheral nervous system is able to regener-
ate after injury and it is important to understand the under-
lying molecular mechanisms to provide the best treatment.
Thus far, these molecular mechanisms remain largely elu-
sive, and so therapeutic and preventative strategies for pe-
ripheral nerve injury present a significant challenge.

During peripheral nerve injury and regeneration, the ex-
pression levels of many genes and proteins are changed
[1-5]. MicroRNAs (miRNAs) can regulate mRNA and
protein expression, and serve as key modulators of post-
transcriptional gene regulation in a variety of tissues. They
play an important role in the development, differentiation,
proliferation, survival, and oncogenesis of cells and organ-
isms including the nervous system. Basic and clinical stud-
ies have suggested that miRNAs are important regulators in
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normal physiological processes and pathology [6—9]. Many
miRNAs are expressed in a tissue-specific manner [10], and
thus play important roles in regulating the tissue specificity
of gene expression, the function of tissue-specific genes, or
both. Recent studies have also revealed the roles of miR-
NAs in axonal biology [11,12] as well as in the control of
synaptic function and plasticity [13,14].

A single miRNA can affect, albeit modestly, the levels of
thousands of proteins [15,16], and thus miRNAs form a
complex regulatory network affecting the majority of genes.
Although miRNA expression in central and peripheral nerve
injury has been studied [17,18], there has been no miRNA
research in peripheral nerve injury using large-scale se-
quencing technology. High-throughput technology is being
applied increasingly to examine signal pathways and regu-
latory mechanisms. Given the importance of miRNAs, we
were interested in the expression profile and regulation of
miRNAs involved in peripheral nerve injury and repair. The
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discovery and identification of novel miRNAs is the first,
important step. We used Solexa sequencing, a method that
can successfully discover novel miRNAs with high accura-
cy and efficiency [19]. We validated the candidate miRNAs
using bioinformatics tools and real-time reverse transcrip-
tion PCR (RT-PCR). Subsequently, we predicted the target
genes of the novel identified miRNAs and performed func-
tional annotation of the target genes.

1 Materials and methods

1.1 Construction of animal models and sample prepa-
ration

Thirty adult, male Sprague-Dawley rats (180-220 g; pro-
vided by the Experimental Animal Center of Nantong Uni-
versity) were randomly divided into five groups (six rats per
group) to undergo sciatic neurectomy. All animal experi-
mentation was carried out in accordance with the “Guide-
lines for the Care and Use of Laboratory Animals” (Nation-
al Institutes of Health, Bethesda, MD). All rats were anes-
thetized by injection of a narcotics complex (10 mg kg™
xylazine, 95 mg kg™' ketamine, 0.7 mg kg™' acepromazine),
and the sciatic nerve was exposed and lifted through an in-
cision on the lateral aspect of the mid-thigh of the left
hind-limb. A 1-cm-long segment of sciatic nerve was then
resected at the site just proximal to the division of the tibial
and common peroneal nerves. After the surgical incisions
were closed, animals were housed in temperature- and hu-
midity-controlled cages, maintained under a 12:12-h light-
dark cycle, and were allowed free access to water and food.
Rats were euthanized and 0.5 cm of the proximal sciatic
nerve (PSN, proximal to the incision) was collected at O h,
1,4, 7, or 14 d after transection.

1.2 RNA isolation and Solexa sequencing

Total RNA was isolated using Trizol (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. Solexa se-
quencing was performed by the Beijing Genomics Institute
(Shenzhen, China). Briefly, small RNA molecules ranging
from 18 to 30 nt were gel-purified and ligated with a pair of
Solexa adaptors to their 5’ and 3’ ends. The ligation prod-
ucts were purified; reverse transcribed and amplified using
adaptor primers. The amplified products were gel-purified
and sequenced on an Illumina Genome Analyzer (San Die-
go, CA). The image files obtained by sequencing were then
converted to digital-quality data. After the removal of
adaptor sequences and contaminated reads, clean reads were
processed for computational analysis.

1.3 Novel miRNA prediction

The cleaned small RNA sequences from Solexa sequencing
were mapped to the rat genome using the Short Oligonucle-
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otide Alignment Program (SOAP) [20]. Only those mapped
perfectly to the rat genome were considered candidate
miRNAs for further analysis. MIREAP [19,21] was used to
analyze the hairpin structures to determine genuine miR-
NAs. We subsequently filtered out miRNAs with a free en-
ergy higher than —20 kcal mol™', in accordance with pub-
lished standards [19,22]. Novel miRNAs were separated
from those previously reported using miRBase 16.0 [23,24],
then miRAlign [25] was used to identify conserved miRNA
genes and MiPred [26] was used to distinguish functional
non-conserved miRNA precursors (pre-miRNAs) from
dysfunctional pseudo-hairpins.

1.4 Quantitative RT-PCR

The same RNA samples as those described in section 1.2
were used. All primers used are described in Appendix Ta-
ble S1 in the electronic version. Ten nanograms of total
RNA was reverse transcribed using a TagMan® MicroRNA
Reverse Transcription Kit (Applied Biosystems) and
stem-loop RT primers, according to the manufacturer’s in-
structions. Real-time PCR was performed using SYBR
Green PCR Master Mix (Applied Biosystems) on an Ap-
plied Biosystems Stepone Real-Time PCR System. All re-
actions were run in triplicate. The cycle threshold (C,) val-
ues were analyzed by the comparative C, (AAC,) method.
miRNA levels were normalized against those of rRNA U6.
The expression levels at each time-point were compared to
those at O h.

1.5 miRNA target prediction and functional analysis of
target genes

miRNA targets in animals are usually located in the 3’ un-
translated region (UTR) of mRNAs, where the silencing
complex can easily interact with the initiation complex and
promote attenuation of translation [27]. We downloaded the
3" UTR sequences of all the rat genes and TargetScan
source code from TargetScan (http://www.targetscan.org/).
miRNA targets were predicted by complementary matches
between the 2 to 8-bp seed sequences of the miRNAs and
the 3" UTR datasets. The context score for each miRNA
target site was also calculated.

To annotate the biological function of these target genes
further, we firstly screened novel miRNAs that demonstrat-
ed a significant change in expression level among any of the
five time-points using the chi-squared test. The false dis-
covery rate (FDR) was calculated to correct the P-value.
Then, the filtered miRNAs (FDR<0.05) were used for ex-
pression pattern clustering using the Short Time-series Ex-
pression Miner (STEM) [28]. Expression profiles were ap-
plied to perform Gene Ontology (GO) enrichment analysis
with a context score <—0.2 for the target genes. The GO
Biological Processes (FDR<0.01) were attributed to several
general categories by statistical analysis according to GO
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website (http://www.geneontology.org/).

2 Results

2.1 Identification of small RNAs by Solexa sequencing

We collected the small RNA fractions and prepared small
RNA libraries from rat PSN following sciatic nerve transec-
tion. The libraries were then sequenced using Solexa tech-
nology. After removing the reads of low quality and mask-
ing adaptor sequences, 10518910, 9825421, 9851345,
12183086, and 9775473 18 to 30-nt-long reads were ob-
tained at O h, 1, 4, 7, and 14 d, respectively. The Solexa raw
data are available at the Gene Expression Omnibus (GEO:
GSE27653). Intriguingly, the length distribution peaked at
22 nucleotides and almost half of the clean reads were 22
nucleotides long (data not shown), consistent with the
common size of miRNAs.

Next, all the Solexa reads were aligned against the rat
genome using SOAP. We found that 8213858 (78.09%),
7770977 (79.09%), 7852278 (79.71%), 9850603 (80.85%),
and 7684960 (78.61%) reads matched perfectly to the rat
genome at each respective time-point (Appendix Table S2
in the electronic version).

Subsequently, the rat small RNAs were categorized ac-
cording to their biogenesis and annotation. rRNAs, tRNAs,
small nuclear RNAs, and small nucleolar RNAs (Appendix
Table S2 in the electronic version) were disregarded, which
left 259, 261, 262, 266, and 259 known miRNAs and 55,
56, 56, 56, and 52 miRNAs* (the other strand of duplex,
known as the passenger strand or miRNA* strand) at the
five time-points, respectively. The known miRNAs and
their read count are shown in Appendix Table S3 in the
electronic version.

2.2 Computational selection of genuine and novel
miRNAs

By mapping the cleaned small RNA sequences from Solexa
sequencing to the rat genome sequences using SOAP, scan-
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ning canonical stem-loop hairpin structures using MIREAP,
removing the 13 loci with free energy greater than —20 kcal
mol™' (Appendix Table S4 in the electronic version) and
filtering out the previously reported miRNAs using miR-
Base 16.0, Solexa sequencing generated 174 loci that were
considered candidate novel miRNA genes. We then used
miRAlign to identify miRNA genes that were paralogs or
orthologs to known miRNAs, detecting seven conserved
miRNA genes (Appendix Table S7 in the electronic version)
among the 174.

Although the hairpin structure is a necessary feature for
the computational classification of genuine pre-miRNAs,
many random inverted repeats (pseudo-hairpins) in eukary-
otic genomes can also fold into dysfunctional hairpins
[26,29]. To overcome this problem, we adopted an ab initio
prediction method, MiPred, to distinguish pre-miRNAs
from other similar segments in the rat genome [26]. It has
been reported that MiPred performs as well as, or signifi-
cantly better, in terms of sensitivity and specificity, than
existing classifiers at distinguishing non-conserved func-
tional pre-miRNAs from genomic pseudo-hairpins and
non-pre-miRNAs (most classes of non-coding RNAs and
mRNAs) [29]. Among the 174 pre-miRNA-like hairpins, 76
were classified as pseudo-pre-miRNAs (Appendix Table S5
in the electronic version) and 98 as novel and genuine
miRNAs (Table 1, Appendix Tables S6 and S7, Appendix
Figures S1 and S2 in the electronic version). Among the 98
novel miRNAs, the length ranged from 19 to 24 nucleotides,
with a peak at 22 nucleotides that accounted for 41.8% of
the miRNAs (Figure 1A). In addition, 46 novel miRNAs
were identified at O h, 43 at 1 d, 48 at 4 d, 69 at 7 d, and 44
at 14 d (Figure 1B and C).

2.3 Validation of novel miRNAs by quantitative RT-
PCR

To verify the accuracy and efficiency of Solexa sequencing,
the same RNA preparation used for the Solexa sequencing
was subjected to quantitative RT-PCR [30]. The expression
of 20 miRNAs that were expressed in rat PSN at all time-
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Figure 1 Characterization of the novel miRNAs. A, Length distribution of the novel miRNAs. B, The number of miRNAs present and absent at each
time-point. C, The number of miRNAs at each time-point. One, two, three, four, and five represent the number of time-points at which a particular miRNA
was expressed. 7, total number of miRNAs expressed at each time-point.
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Table 1 The read count of the novel miRNAs at each time-point

. Read count . Read count
miRNAs miRNAs
Oh 1d 4d 7d 14d Oh 1d 4d 7d 14d
mmu-miR-3075 16 19 32 91 25 rno-miR-sc38 7
mmu-miR-3099/1 22 60 37 47 65 rno-miR-sc39 5
mmu-miR-3102-5p.2 47 72 56 41 42 rno-miR-sc40 4
mmu-miR-1247%* 7 68 157 111 79 rno-miR-sc41 4
rno-miR-scl 5 10 9 8 8 rno-miR-sc42 4
rno-miR-sc2 12 24 7 24 8 rno-miR-sc43 9
rno-miR-sc3-1 9 12 11 37 5 rno-miR-sc44 6
rno-miR-sc3-2 9 12 11 37 5 rno-miR-sc45 4
rno-miR-sc4 14 16 20 6 16 rno-miR-sc46 4
rno-miR-sc5 224 304 428 771 317 rno-miR-sc47 6
rno-miR-sc6 16 18 16 25 15 rno-miR-sc48 10
rno-miR-sc7 69 42 32 31 17 rno-miR-sc49 13
rno-miR-sc8 12 18 22 7 16 rno-miR-sc50 4
rno-miR-sc9 14 15 6 12 6 rno-miR-sc51-1 4
rno-miR-sc10-1 17 32 46 76 16 rno-miR-sc51-2 4
rno-miR-sc10-2 17 32 46 76 16 rno-miR-sc52 4
rno-miR-sc10-3 17 32 46 76 16 rno-miR-sc53 7
rno-miR-sc10-4 17 32 46 76 16 rno-miR-sc54 5
rno-miR-sc10-5 17 32 46 76 16 rno-miR-sc55 6
rno-miR-sc10-6 17 32 46 76 16 rno-miR-sc56 6
rno-miR-sc11 11 25 7 19 7 rno-miR-sc57 6
rno-miR-sc12 30 20 10 22 6 rno-miR-sc58 11
rno-miR-sc13 302 273 357 467 225 rno-miR-sc59 5 10 5
rno-miR-sc14 104 49 107 83 174 rno-miR-sc60 8 6 9 6
rno-miR-sc15 47 42 62 80 49 rno-miR-sc61 8 28 20 13
rno-miR-sc16 5 7 16 39 9 rno-miR-sc62 9 11 8 7
rno-miR-sc17 10 rno-miR-sc63 6 8 6
rno-miR-sc18 7 rno-miR-sc64 11 13 13
rno-miR-sc19 5 rno-miR-466e 5 9 5
rno-miR-sc20 5 rno-miR-sc65 10 5
rno-miR-sc21 6 rno-miR-sc66 7 10
rno-miR-sc22 9 rno-miR-sc67 7 6
rno-miR-sc23 7 rno-miR-sc68 8 6
rno-miR-sc24 9 rno-miR-sc69 6 6
rno-miR-sc25 6 rno-miR-sc70 9 6
rno-miR-sc26 21 rno-miR-sc71 8 5
rno-miR-sc27 6 rno-miR-sc72 6 9
rno-miR-sc28 8 rno-miR-sc73 7 6
rno-miR-sc29 6 rno-miR-sc74 8 9 5
rno-miR-sc30 14 rno-miR-sc75 5 15
rno-miR-sc31 7 rno-miR-sc76 8 8
rno-miR-sc32 8 rno-miR-sc77 15 14
rno-miR-sc33 6 rno-miR-sc78 10 7 12
rno-miR-sc34 5 rno-miR-sc79 8 13 18
rno-miR-sc35 5 rno-miR-sc80 5 7 8 17
rno-miR-3072%* 6 rno-miR-sc81 7 6 7 10
rno-miR-sc36 6 rno-miR-sc82 7 8 6
rno-miR-sc37 6 rno-miR-sc83 7 5 14 9
rno-miR-3082b 6 rno-miR-sc84 9 24 19 21
points following sciatic nerve transection was confirmed by The expression levels of the newly identified rat miR-

semi-quantitative RT-PCR (Figure 2A). We therefore con- NAs were also analyzed by quantitative real-time RT-PCR.
cluded that these were authentic miRNAs. We selected six miRNAs that showed a clear band without
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Figure 2 A, Semi-quantitative RT-PCR demonstrating the specific expression of the indicated novel miRNAs. B, Real time quantitative RT-PCR showing
expression levels of six novel miRNAs at each time-point relative to the level of U6 rRNA.

background signal for further analysis, and demonstrated
that the relative changes in miRNA expression determined
by Solexa sequencing or real-time PCR were generally con-
sistent with each other (Figure 2B).

2.4 miRNA target prediction

miRNAs function by regulating target genes, so we next
predicted the target genes of our novel miRNAs. Typical
methods for recognizing miRNA binding sites rely on
searching for complementary matches between an miRNA
sequence and phylogenetically conserved portions in the 3’
UTR of target mRNAs. Many online prediction programs
that can be used to predict target genes of reported miRNAs
cannot be applied to novel miRNAs. Here, we followed a
canonical approach of searching for complementary match-

es between the “seed” region of an miRNA and the 3' UTRs.

According to TargetScan [31], we downloaded the 3’ UTR
sequences of all rat genes and predicted the target genes of
our novel miRNAs using Basic Local Alignment Search
Tool (BLAST). There were 124416 target sites and 9662
target genes for the novel miRNAs that we identified (data
not shown).

2.5 Functional annotation

We determined that 83 novel miRNAs demonstrated signif-
icant change in expression levels among the five time-points.
Then, their expression patterns were clustered, and five ex-
pression profiles revealing high expression of the novel
miRNAs at the different time-points were selected for GO
biological processes analysis (Appendix Table S8 in the

electronic version).

Because a single miRNA has the potential to regulate
hundreds of distinct target genes [32], we raised the thresh-
old value of the context score of the target genes to increase
accuracy. According to the cumulative distribution of the
context score (Figure 3), and to provide a suitable number
of target genes for analysis, we used a context score <—0.2
as the selection threshold. The 1078, 1364, 1492, 4633, and
2549 target genes included in the five expression profiles
(Table 2) were used for GO biological process analysis. We
classified the GO biological processes (FDR<0.01) into
several general categories, including response to stimulus,
death, developmental process, cellular component organiza-
tion or biogenesis, cellular process, metabolic process, bio-
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Figure 3 Cumulative distribution of novel miRNA target genes based on
context score.
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Table 2 Statistical analysis of the biological processes in which the novel miRNA target genes were involved

Oh 1d 4d 7d 14d
miRNAs 5 8 9 31 8
Target genes 1078 1364 1492 4633 2549
BiologiSa?Process P<0.01 P<0.01 P<0.01 P<0.01 P<0.01
Response to stimulus 0 5 5 23 4
Death 0 2 3 6 3
Developmental process 2 12 22 60 44
Cellular com}fi(ér;r:e (S)irsganization or 0 3 5 19 9
Cellular process 1 5 5 29 8
Metabolic process 0 4 22 48 29
Biological regulation 0 7 15 41 16
Multicellular organismal process 0 0 4 10 6
Others 1 7 15 56 21
Total 4 45 96 292 140

logical regulation, and multicellular organismal process
(Appendix Tables S9-S13 in the electronic version). The
results (Table 2) demonstrated only four biological pro-
cesses (FDR<0.01), two developmental processes, one cel-
lular process and one localization, that were regulated by
the novel miRNAs highly expressed at 0 h. On 1 d follow-
ing sciatic nerve transection, biological processes in the
almost all the categories were activated. On 4 d, genes in-
volved in developmental processes, metabolic processes,
biological regulation, and multicellular organismal process-
es continued to be significantly enhanced. On 7 d, all bio-
logical processes were active. By day 14, most of the bio-
logical processes had been downregulated compared with
those on day 7, but metabolic processes, developmental
processes, and cellular component organization or biogene-
sis remained at a high level.

3 Discussion

When the class of RNA regulatory genes known as miR-
NAs was discovered, it introduced a whole new layer of
gene regulation in eukaryotes [33]. Recently, increasing
attention has been focused on miRNAs, which is encourag-
ing in the attempt to explain the molecular mechanisms of
gene regulation, pathological processes, and drug action. To
date, 1048 miRNAs in humans and 672 miRNAs in mice
have been reported, while only 408 miRNAs have been re-
ported in rats. This suggests that many miRNAs in rats re-
main undiscovered. miRNAs are particularly plentiful in
neurons, and together with the fact that a given miRNA
usually regulates the expression of hundreds of target
mRNAs, neuronal miRNA pathways provide an extremely
powerful mechanism to adjust the protein content of neu-
ronal compartments dynamically without the need for new
gene transcription [34]. To better understand the biological
processes and regulatory mechanisms of the signaling
pathways activated during peripheral nerve injury and re-

generation, we searched for interactions and regulatory
networks between miRNAs and mRNAs in the rat PSN fol-
lowing sciatic nerve transection.

Following sciatic nerve transection, the body underwent
a stress response during the first two days, and prepared for
nerve regeneration during the following two days. On days
5-7, the injured nerve began to grow, metabolism was very
active and the new expression and regulation of proteins
and genes were particularly common. We selected five
time-points according to this scheme and analyzed the rela-
tive expression of novel miRNAs at these time-points in
relation to the scheme. The greatest expression change was
observed in the rat PSN 7 d after sciatic nerve transection,
which is consistent with the above model.

We predicted the target genes of our novel miRNAs and
analyzed their biological processes. Initially (at O h), the
PSN demonstrated biological processes consistent with
maintenance in the non-injury state. Most of the biological
processes regulated by the identified highly expressed novel
miRNAs were not statistically significant (FDR>0.01).
However, following sciatic nerve transection, the PSN re-
ceived and responded to stimulus signals. The death-
associated biological processes were activated. Other bio-
logical processes that possibly provide a regeneration signal
also showed up-regulation. Then, various metabolic pro-
cesses increased to prepare for subsequent regeneration, and
simultaneously, various developmental processes became
functional. Correspondingly, metabolic processes, biologi-
cal regulation, cellular component organization or biogene-
sis, cellular processes, and multicellular organismal pro-
cesses were very active. On day 7, the injured nerve began
to grow, accompanied with the highest activation of biolog-
ical progress. By day 14, the PSN reverted towards stability,
and most biological processes showed a downward trend,
but the regeneration was still in progress, thus metabolic
processes, developmental processes, and cellular component
organization or biogenesis remained high.

It has been hypothesized that the molecular mechanisms
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underlying regeneration-associated alterations in gene ex-
pression may recapitulate developmental processes [35],
and to a certain extent, the development and homeostasis of
organ systems depend on minas [36,37]. miRNAs are im-
portant players in many regulatory processes and are thus
critical in the understanding of disease etiology. The identi-
fication and functional analysis of novel miRNAs in the rat
PSN described here will prove important in understanding
the biological processes following human peripheral nerve
injury. In addition, our study provides an important resource
for the future analysis of function and regulation of miR-
NAs. Experimental determination of their target genes and
identification of the gene networks that trigger peripheral
nerve repair and regeneration after injury remain a chal-
lenge for understanding and promoting peripheral nerve
regeneration, counteracting unwanted consequences and
assessing the utility of miRNAs as molecular targets for
therapeutic intervention.
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