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Abstract

Peripheral neurons regenerate their axons after injury. Transcriptional regulation by microRNAs 

(miRNAs) is one possible mechanism controlling regeneration. We profiled miRNA expression in 

mouse dorsal root ganglion (DRG) neurons after a sciatic nerve crush, and identified 49 

differentially expressed miRNAs. We evaluated the functional role of each miRNA using a 

phenotypic analysis approach. To predict the targets of the miRNAs we employed RNA-

Sequencing and examined transcription at the isoform level. We identify thousands of 

differentially expressed isoforms and bioinformatically associate the miRNAs that modulate 

neurite growth with their putative target isoforms to outline a network of regulatory events 

underlying peripheral nerve regeneration. MiR-298, let-7a and let-7f enhance neurite growth and 

target the majority of isoforms in the differentially expressed network.
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Introduction

Neurons of the central nervous system (CNS) generally fail to regenerate their axons after an 

injury [1]. In contrast, neurons of the peripheral nervous system (PNS) display a robust re-

growth capacity after axotomy [1]. Peripheral sensory neurons located in dorsal root ganglia 

(DRG) extend bifurcating axons with one branch extending via dorsal roots into the spinal 

cord and the other branch extending into the periphery. Injury of the peripheral branch 

induces activation of transcriptional programs associated with a regenerative response [2]. It 

is of fundamental importance to understand the transcriptional changes and their regulatory 

events associated with PNS regeneration, because one approach to promote CNS 

regeneration might be to activate similar transcriptional programs [3–5].

Our laboratory has studied PNS gene expression with different approaches to identify 

transcriptional programs that might promote axonal regeneration [4,6,7]. Despite the 

identification of factors like STAT3, SRF and KLFs, which showed functional roles in 

regeneration [5,8–10], transcriptional strategies to induce regeneration in CNS neurons have 

had limited success, both in the number of responding cells and in the extent of growth past 

an injury site. Therefore identifying the transcriptional mechanisms associated with nerve 

regeneration continues to be important.

MicroRNAs (miRNAs) are short RNA molecules, 18-22 nucleotides in length [11–13], that 

inhibit mRNA translation [14,15] by mediating the interaction of the RNA-induced 

Silencing Complex (RISC) with a target sequence on the 3′ untranslated region (UTR) of 

mRNAs [16]. MiRNA target recognition happens through an imperfect match [17,18], 

allowing a single miRNA to target hundreds of transcripts simultaneously [19–22]. At the 

same time the 3′ UTR of an mRNA isoform can contain targets for several miRNAs, which 

might synergistically affect the levels of that mRNA. Several studies used genomic 

approaches to identify miRNAs whose expression change after peripheral nerve injury [23–

33]. However only a handful have tried to functionally characterize those miRNAs with an 

active role in the process of peripheral neuron axon regeneration [24,31–33]. In most cases 

functional studies in DRG neurons attributed miRNA growth-regulating activities to 

downregulation of a single gene; e.g., SPRY2 [31] or PTEN [33]. Moreover, targeting has 

been inferred using only the conventional annotated 3′UTRs of mRNAs.

Next Generation Sequencing applied to the transcriptome (RNA-Seq) allows a deeper level 

of observation of gene expression as it identifies differential expression of known and 

unknown isoforms [34]. Traditionally gene expression and functional studies have focused 

on conventional isoforms without considering cell type-specific isoforms. When we applied 

RNA-Seq to DRG neurons in culture and compared their isoform expression patterns to 

cerebellar granule neurons (CGNs) we found enormous transcriptional diversity [4]. This 

diversity happens at the coding sequence level but more often at the level of regulatory 

sequences, indicating the use of cell specific promoters, transcription start sites or 3′UTRs. 

This observation suggests that functional gene targets of miRNAs can be more reliably 

predicted by analyzing gene expression at the isoform level. We have used RNA-Seq and 

real time quantitative PCR to identify expression changes in mRNA isoforms and miRNAs 

in adult mouse DRG neurons 7d after a sciatic nerve crush injury. This information was used 
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to screen 47 differentially expressed miRNAs in PNS neurons to identify those that regulate 

neurite growth. These combined data sets were then used to design a putative network of 

transcriptional events underlying peripheral nerve regeneration. Overall, our functional 

genomic approach reveals the global gene and miRNA expression patterns in vivo after 

peripheral nerve crush.

Materials and Methods

Additional experimental procedures are described in SI

Sciatic nerve crush and animal handling

All procedures were performed in accordance with protocols approved by the Institutional 

Animal Care and Use Committee at the University of Miami. Male C57BL/6 mice between 

6 and 8 weeks of age were used. Twenty-two animals underwent surgery for this study. In 11 

animals the sciatic nerve was exposed in the left thigh and was crushed with Dumont forceps 

for 10 sec before closing the incision. Eleven control animals underwent a sham surgery 

where the nerve was exposed, and the incision closed after 10 sec. Metadata for the 

experiment has been documented in Attachment S1 in compliance with the MIASCI 

reporting standard [35] and deposited in the RegenBase Knowledgebase [36] as 

recommended by the FAIR guiding principles [37].

Laser Capture Microdissection of DRG neurons, RNA isolation and preparation for miRNA 
expression analysis

Animals were euthanized with CO2 inhalation 7 days after surgery. Lumbar level 3, 4 and 5 

DRGs, comprising the sciatic nerve [38], were dissected, embedded in freezing media and 

flash-frozen on a layer of isopentane floating on liquid nitrogen. 16 μm cryosections were 

taken and stained with Toluidine Blue (see SI). All the recognizable DRG neuronal bodies 

(Fig. S1) in all sections of each ganglion were microdissected (Leica LMD6000, USA) [39]. 

Total RNA isolation was performed with the miRNeasy Micro Kit (QIAGEN, USA). 20 ng 

of RNA per panel per sample was reverse transcribed. For qPCR panels cDNA was 

combined with SYBR Green Master mix and added to the microRNA Ready-to-Use PCR, 

Mouse&Rat panels I + II (Exiqon, USA). Reactions were run on a Roche LightCycler® 480 

Instrument. Poorly expressed miRNAs with a Cycle Threshold (Ct) higher than 38 were not 

included in the analysis.

Plasmid preparation

Cloning of the individual miRNAs into the expression vector was performed as described 

[40]. Briefly the minimum possible complete loop including the mature form of the miRNA 

(see Table S1 for oligos sequences) was synthesized as a single-stranded DNA oligomer 

with flanking Bbs1 restriction sites (Integrated DNA Technologies, USA), and cloned into 

the Bbs1 site of the UI4-GFP-SIBR [41] kindly provided by Dr. David Turner (University of 

Michigan, USA). As a negative control we created an anti-Luciferase siRNA expressing 

vector with the same procedure. Clones were verified by test digestion and sequencing.
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Isolation and transfection of DRG neurons

Cervical, thoracic and lumbar level DRGs were isolated from adult C57BL/6 male mice. All 

procedures were performed in accordance with the protocols approved by the Institutional 

Animal Care and Use Committee at the Ohio State University. Ganglia were trimmed of 

axons and cells were isolated as described in SI. Cells were then resuspended in 

Nucleofector Buffer from the Amaxa P3 Primary Cell kit (Lonza, USA), transfected with 

plasmid DNA and plated.

DRG neuron neurite outgrowth detection and analysis

After 24 hours in culture the cells were trypsinized, resuspended and replated. After 15 

additional hours in culture cells were fixed and immunostained with rabbit polyclonal anti 

beta-III (BIII) tubulin (Sigma, TT2200), washed and incubated with anti-rabbit Alex 

Fluor®555 (Abcam: ab150086) and Hoechst 33258 to identify nuclei (Sigma, 861405). 

Images were obtained using an ArrayScan XTI Automated Microscope (ThermoFisher, 

USA). Neurite outgrowth was assessed using the Neuronal Profiling 4.1 Algorithm 

(ThermoFisher, USA). Cells transfected with each miRNA were identified by GFP intensity 

as previously described [42]. In each experiment the robust Z-scores were determined using 

each well of cells transfected with the control vector independently and pooling together 

wells transfected with each miRNA clone. Robust Z-score is: (median total neurite length 

for miRNA – median total neurite length for control) / (median absolute deviation across 

control wells).

RNA-isolation and preparation for RNA-Seq

DRG dissection, tissue processing and cell collection was performed in the same way as 

described for miRNA expression analysis. RNA isolation was performed as described in 

Danzi et al [39]. Briefly, neurons were collected in 50 μl of extraction buffer from the 

Arcturus® PicoPure® RNA Isolation Kit (Life Technologies, USA). RNA extraction was 

performed following the manufacturer’s instructions. The whole procedure was performed in 

RNAse free conditions and all solutions were made with diethyl pyrocarbonate (DEPC; 

Sigma) treated water. RNA quality was checked via Bioanalyzer 2100 (Agilent, USA), and 

only samples with an RNA Index Number (RIN) above 7 were used. RNA-Seq was 

performed at the Hussman Institute for Human Genomics Sequencing Core Facility 

(University of Miami, Miami, FL).

RNA-Seq data analysis

The Tuxedo collection of software [43,44] was used as described [4]. The following versions 

were used: Tophat 1.3.2, Cufflinks 1.1.0, Cuffcompare 1.1.0 and Cuffdiff 1.2.1. Logistic 

regression analysis was performed to define reliable quantification of isoform expression [4]. 

Reliability cutoffs for the individual samples were averaged to define a unique threshold 

(Table S4). All raw data files, output table, gtf file and sample information can be found in 

the GEO repository (accession number: GSE59547).
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Isoform validation and re-sequencing

Isoform structural details were recovered from the “.gtf” output of Cufflinks (GEO accession 

number GSE59547). For validation, RNA was isolated from intact DRGs, reverse 

transcribed and amplified with primers designed to uniquely capture the selected newly 

identified splice sites (see SI). The amplified material was then run on agarose gels. The 

band corresponding to the expected amplicon size was cut from the gel and DNA was 

extracted. The fragments were then sent for sequencing by GENEWIZ (www.genewiz.com, 

USA). Sequences were then BLASTed against the isoform sequences to confirm the 

fragments actually corresponded to the newly identified splice site and were not the product 

of non-specific amplification.

Quantitative Real Time PCR

DRG dissection, tissue processing and cell collection was performed in the same way as 

described for miRNA expression analysis. Total RNA was isolated as described for RNA-

Seq analysis. From each total RNA sample, 200 ng was reverse transcribed. All primers used 

for qPCR were designed to be intron spanning and isoform specific and are listed in Table 

S5. Reactions were performed using a 7300 Real-Time PCR System (Applied Biosystems, 

USA). Relative expression was calculated using the –ΔΔCt method [45].

MiRNA target analysis

We obtained 3′UTRs by identifying stop codons for each coding sequence and extracting 

the rest of the sequence to the end of the transcript. The 3′UTRs were submitted to 

TargetScan for identification of the miRNA response elements (MREs) [46] and calculations 

of the context scores [18,47]. To increase specificity a similar approach was used with a 

different predictive tool: Miranda [48]. Interactions predicted by both tools were used for 

follow-up analysis. Cytoscape software was used to create graphical representations of the 

network [49].

Results

Axotomy of DRG neurons alters miRNA expression

DRG neurons respond to a peripheral axon lesion with robust regeneration [1,50]. Changes 

in expression of numerous genes have been described during this process [2,51]. These 

changes are orchestrated by different regulators of gene expression [1,6]. One important 

class of gene expression regulators is represented by miRNAs. In mice, the peripheral 

neuron injury response is dependent on the expression of Dicer, the enzyme responsible for 

the synthesis of miRNAs [52,53], indicating the importance of miRNA expression in 

peripheral regeneration. A complete analysis of differentially expressed miRNAs in mouse 

PNS neurons after injury has not been performed. To define the expression of miRNAs in 

regenerating DRG neurons, we used a sciatic nerve crush to elicit transcriptional changes 

associated with axon regeneration. We selected 7 days post-crush for analysis because 

transcriptional programs regulating regeneration are still active at this time [2], and we 

hypothesize that expression changes induced by post-injury processes such as inflammation 

in the neuronal bodies are dampened, since the peak of acute inflammation in the distal 

Motti et al. Page 5

FEBS Lett. Author manuscript; available in PMC 2018 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



nerve ends by this time point [54]. DRG neurons were isolated by laser capture 

microdissection and total RNA was extracted from 4 crushed mice and 4 controls. We used a 

commercially available miRNA PCR panel to profile the expression of 752 rodent miRNAs. 

To determine the consistency of miRNA expression among animals of the same group we 

clustered the samples by Euclidean distance. We found that miRNA expression patterns 

correlated perfectly with the treatment group (Fig. S2). This strongly suggests the presence 

of injury-regulated miRNA expression changes. A 2-tailed t-test revealed the presence of 49 

miRNAs significantly differentially expressed in DRG neurons 7DPI (Fig. 1 and Table S3). 

Forty-four miRNAs were upregulated post-axotomy and 5 were downregulated (Fig. 1 and 

Table S3). The majority of them were mouse miRNAs, but in a few cases we could detect 

differential expression for miRNAs annotated in rat. We hypothesize that miRNAs 

differentially expressed after injury, are functionally associated with different ongoing 

processes in the axotomized neurons, such as injury response, inflammation and axonal 

regeneration.

A phenotypic screen identifies miRNAs that regulate neuronal morphology

We used a gain-of-function screen of the differentially expressed miRNAs to examine their 

ability to alter neurite outgrowth from DRG neurons in vitro. For miRNAs potentially 

involved in axon regeneration, we hypothesized that those upregulated in DRG neurons after 

injury would increase Total Neurite Length (TNL) when overexpressed in vitro, and those 

downregulated after injury would decrease TNL when overexpressed. We used the UI4-

GFP-SIBR vector, originally designed for siRNA expression [41], to overexpress miRNAs, 

using our previous strategy [40]. The genomic fragments corresponding to the pre-miRNA 

hairpins [55] for all the miRNAs that were differentially expressed were individually cloned 

into the vector (Table S1). Adult mouse DRG neurons were dissociated, electroporated with 

the miRNA vectors and cultured for 24 hours to allow miRNA expression before being 

trypsinized and replated for 15 hours to test neurite growth ability. Since DRG neurons in 

culture activate transcriptional programs of axon elongation similar to those induced by 

peripheral axotomy in as little as 12 hours, and extend processes within 24 hours [56], 24 

hours should be sufficient for miRNAs involved in axon extension programs to down-

regulate their relevant targets. We used an automated microscope to identify transfected 

neurons and trace their neurites (see Fig. 2). We measured TNL for 25-150 neurons per 

miRNA and calculated the robust Z-score [57] compared to neurons in the same plate 

transfected with a control anti-Luciferase sequence [42]. By using a cutoff of Robust Z-score 

± 2 we identified 13 miRNAs that increase TNL and 9 miRNAs that decreased TNL in DRG 

neurons (Fig. 3). MiRNAs that had the same effect in vitro as they were predicted to have in 

vivo were called “consistent” in our analysis. Out of 22 miRNAs with an effect on DRG 

morphology, 12 were called consistent; 11 were upregulated and only 1 was downregulated 

(mmu-miR-466d). MiR-1188 consistently impaired neuronal survival in several experiments 

(data not shown) and was therefore eliminated from the study. To confirm the observed 

effects were dependent specifically on the overexpression of the miRNAs we generated new 

clones containing the 12 miRNAs with a mutated seed core region (nucleotides 2 to 8 of the 

original miRNA sequence, see Supplementary Information and Table S2 for details on clone 

generation), the miRNA portion most responsible for target recognition [18]. The 12 mutant 

miRNAs were overexpressed in DRG neurons in culture in the same process described for 

Motti et al. Page 6

FEBS Lett. Author manuscript; available in PMC 2018 July 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



the wild type miRNAs. When overexpressing the mutant forms, 11 out of 12 of the miRNAs 

did not show a significant effect on neurite length (see Fig. S3). Only in one case (miR-544) 

the mutant was able to induce an increase in Total Neurite Length, but to a lesser degree than 

the wild type. We hypothesized that this effect could be due to residual activity of the 

scrambled region that was still able to recognize some of the miRNA targets but with 

reduced strength or specificity. Overall this experiment confirmed the specificity of the 

miRNA effect. We propose that changes in expression of these 12 miRNAs play a role in 

regulating transcriptional events leading to axon regeneration in DRG neurons after 

axotomy.

RNA-Seq reveals differentially expressed isoforms in regenerating PNS neurons

One useful step towards identifying the gene targets by which miRNAs regulate axon 

regeneration is to analyze gene expression in the same cells. Past studies were limited to the 

most commonly known isoform for each gene, overlooking the concept of isoform diversity. 

We hypothesized that numerous transcriptional events important for axon regeneration 

remain unidentified. In the last few years the application of RNA-Seq has revealed a vast 

landscape of isoform diversity in different organisms [58–61] and cell types [4,62–65]. The 

identification of previously undetected isoforms and splicing events [4,44,66] supports the 

idea that the full spectrum of transcriptional events underlying biological processes is 

considerably more complex than had been appreciated. The use of cell specific isoforms is 

fundamental to cellular processes [67–69] including axon growth [70,71]. To define the full 

repertoire of isoform expression in regenerating DRG neurons, we used a sciatic nerve crush 

injury to elicit transcriptional changes associated with axon regeneration and used RNA-Seq 

to define these changes. DRG neuron RNA from crushed and control animals, was isolated 

by laser capture microdissection and almost 80 million reads per sample were sequenced 

(see Methods and SI). On average ~70% of the reads aligned correctly to the mouse genome 

(see Table S6); mRNA isoforms were assembled by Cufflinks [72]. Expression levels of 

individual isoforms were quantified in Fragments per Kilobase of transcript per Million 

mapped reads (FPKM). We used a statistical approach to define a cutoff for reliability of 

expression measured as described previously [4], and filtered all isoforms with FPKM below 

the cutoff (Table S4). We identified about 60,000 expressed isoforms in DRG neurons 

transcribed from 17,000 individual loci (Table S7). When compared to a combined reference 

annotation assembled from three different databases (UCSC Genome Browser, RefSeq and 

ENSEMBL) almost 43,000 of the isoforms presented at least one element (splicing event, 

transcription start site (TSS) or alternative 3′untranslated region (UTR)) that has not been 

described before (labeled as “_j” in Table S7). Euclidean distance between patterns of 

isoform expression was used to cluster the samples. The crushed samples clustered together 

as did 2 of the control samples (see Fig. S4). One of the control samples, ‘Control_2’, 

clustered separately from all other samples. For this and other reasons, including a 

significant difference in the expression distribution compared to the other samples (see Fig. 

S5), we excluded Control_2 sample in the following analysis. To evaluate differential 

expression between Crushed and Control samples we used Cuffdiff [66]. We considered 

only isoforms with an FDR corrected p-value below 0.05 and a fold change <-1 or >1 on a 

base 2 logarithmic scale. More than 2500 isoforms met our criteria for differential 

expression with ~1400 isoforms being upregulated and ~1200 downregulated in DRG 
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neurons 7 days post axotomy (Fig. 4). To test our hypothesis that the initial inflammatory 

response is lost from the neuronal cell bodies at 7dpi, we examined the expression of 

inflammatory markers Il6, Nos1 (aka iNos), Tlr3 and 5, and Hspb1 in our RNAseq data. 
Expression levels in crushed DRG neurons are unchanged compared to non-injured sham 

mice (Table S7). This observation confirms that the changes we observe are not associated 

with inflammatory mechanisms.

Newly identified splicing events are confirmed with direct amplification

The majority of the differentially expressed isoforms are classified as new isoforms because 

of a new splice site, alternative TSS or 3′UTR shorter or longer than the conventional 

annotated one. To confirm the presence of some of these isoform-specific features, we 

designed primers flanking specific splice sites in a randomly chosen subset of differentially 

expressed isoforms [4]. We selected isoforms with splice sites not shared with any other 

isoform of the same gene. We did this for more than 20 newly identified isoform specific 

splice sites (Table S8). These primers were used in PCR reactions with cDNA made from 

RNA extracted from intact DRGs (see Methods and SI). Sequencing of the amplification 

products confirmed the presence of the newly identified splice sites for each of the primers 

selected (data not shown). This result supports the validity of our analysis.

Real Time qPCR confirms differential expression of selected isoforms

Next we validated our differential expression analysis by examining changes of some 

isoforms by Real Time qPCR. We selected (see Methods and SI) 8 isoforms: 4 up- and 4 

down-regulated (Table S9). Half of these isoforms were already used to confirm splicing 

events. We tested isoform expression levels in RNA extracts from laser captured neurons 

collected from 6 additional biological replicates: 3 crushed and 3 control animals. Two 

isoforms with remarkably stable expression across all samples (Canx and Psmb2) were used 

as housekeeping genes. We calculated fold changes in crushed vs. controls normalizing to 

one or the other of these housekeeping genes (Table S9). There was a strong correlation 

between the RNA-Seq results and the qPCR results (Fig. 5: Pearson correlation R2 = 0.89 

for Canx and R2 = 0.9 for Psmb2, p = 0.0004 and p=0.0003, respectively). To measure the 

correspondence of the results we used Kendall’s correlation analysis, which makes minimal 

distributional assumptions [4]. This resulted in a tau coefficient of 0.71 with a statistically 

significant p-value of 0.019 (Fig. 5). These data support the consistency and reproducibility 

of our RNA-Seq analysis for isoform differential expression.

MiRNA-mRNA interaction analysis predicts a large network of transcriptional events 
controlling axonal regeneration

MiRNAs regulate transcript expression by targeting MREs mostly located in the 3′UTRs of 

mRNAs [16]. The targeting recognition happens through an imperfect match [18,46]. In 

addition, several physical properties in the targets have been identified [18,47] making it 

possible to predict the presence of target sites and to calculate an “interaction score”, which 

is directly proportional to the predicted downregulation effect of the miRNA on the 

messenger RNA (the more negative the score, the stronger the downregulation) [18,47]. We 

hypothesize that the miRNAs affecting axonal growth regulate differential isoform 

expression. To test this idea we used a computational approach to predict a network of 
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transcriptional regulation among differentially expressed isoforms and miRNAs. To build the 

network we examined the 3′UTRs of the differentially expressed isoforms for MREs 

recognizing the 12 miRNAs that significantly altered neurite growth in DRGs. We isolated 

the 3′UTRs for the 2500 differentially expressed isoforms and analyzed the sequences with 

two tools that predict the presence of MREs: TargetScan [47,73] and MiRanda [48]. Only 

interactions predicted by both tools (see Methods) were taken into consideration. We were 

able to predict thousands of miRNA-mRNA interactions with diverse scores (Table S10). 

Interestingly, we found that miR-466d-5p, the miRNA that decreased neurite growth, had a 

very distinct set of isoform targets compared to the other miRNAs (Fig. S6). To generate the 

network diagram we filtered to retain only the interactions connecting divergent nodes, 

defined as: upregulated miRNA to downregulated mRNA and vice versa, with the 

assumption that these interactions are active in the regeneration process because they are 

consistent with the predicted effect of the miRNA on the specific isoform. We obtained a 

very dense network (Fig. S7). miRNAs likely exert their effect on gene expression by 

targeting numerous mRNAs at the same time; thus perturbing targets individually would 

likely not result in a robust phenotypic effect [74,75].

MiRNAs that increase axonal growth would likely share critical targets that represent the 

core mechanism important for axon regeneration. To identify this core network we set up 

filtering criteria: for upregulated miRNAs we identified isoforms that were targeted by more 

than one miRNA and then limited this network to isoforms that had 6 or more interactions 

with these miRNAs. We restricted this to 6 or more interactions because with this criterion 

each of the upregulated miRNAs had at least one target (see Fig. 6, right side). MiR-466d 

and its upregulated targets represent a separate network (Fig. S7); since miR-466d is the 

only down regulated miRNA that was identified we could not apply these same criteria. We 

noticed that several genes expressed both up- and downregulated isoforms after injury (Table 

S11). For some of these genes one or more of their upregulated isoforms were predicted 

targets of miR-466d and one or more of their downregulated isoforms were predicted targets 

of the other, upregulated miRNAs (upregulated and downregulated isoforms of the same 

gene are connected by blue edges in Fig. 6 and Fig. S7). This observation suggests that co-

regulatory mechanisms between up and downregulated miRNAs provide the switch between 

different isoforms of these genes. We decided to include those miR-466d targets connected 

by blue edges to downregulated isoforms that passed the ‘6 or more interactions’ criteria. By 

applying these filters we predicted a core network of interactions (see Fig. 6) that includes 

12 miRNAs (544, 299,154, 29b, 9, let-7a, let-7f, 298, 19b, 467b, 2137 and 466d), which 

target 71 isoforms from 47 genes. MiR-298, let-7a and let-7f are the most involved miRNAs, 

each targeting more than 30 isoforms at the same time. Gene Ontology and pathway analysis 

of the 47 genes with isoforms in the network reveals (Table S12) that the network is 

significantly associated with morphogenesis, polarity, GTPase regulatory activity, actin 

cytoskeleton reorganization and neural tube formation, all biological process that are 

strongly associated with axon growth. There are 21 genes that have at least one upregulated 

isoform targeted by miR-466d and one downregulated isoform targeted by one or more of 

the other miRNAs (Fig. 6). Interestingly, when we compared the open reading frames of the 

isoforms of the 21 genes, all isoforms in the network from the same gene showed diverse 

protein coding sequences, suggesting that miRNA mediated regulation of mRNAs results in 
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different protein isoform expression. The large number of co-regulatory effects predicted in 

the network suggests that a robust strategy to enhance nerve regeneration would potentially 

require simultaneously modulating the expression of all these miRNAs.

Discussion

Our long-term goal, similar to previous studies [2,51], was to examine gene expression 

changes in regenerating peripheral neurons as a way of elucidating the mechanisms through 

which these adaptive changes are controlled. We focused on the roles of miRNAs, an 

important class of transcriptional regulator, in regulating genes involved in regeneration of 

PNS axons. Previous studies have concentrated almost exclusively on single miRNAs 

[31,33] which, while informative, likely oversimplifies the complexity associated with 

miRNA-mRNA interactions. We therefore utilized a high-throughput gene expression 

analysis followed by a phenotypic screen in primary neurons, to systemically study 

expression changes and functional roles of all known mouse miRNAs relating to 

regeneration of DRG neuron axons. We found that of the 49 miRNAs differentially 

expressed in DRG neurons after injury, almost 90% were upregulated. While each of these 

miRNAs is a candidate regulator of the differentially expressed mRNA isoforms, not all are 

directly associated with the same biological processes. To determine the roles of these 

miRNAs in neurite extension, we used a gain-of-function approach and individually 

overexpressed them in DRG neurons, predicting that upregulated miRNAs would lead to 

increased neurite growth, and downregulated miRNAs to less growth. Of the 12 miRNAs 

whose activities were consistent with this functional hypothesis, only 3 have previously been 

linked to axon growth–miR-29b [76], miR-9 [77–79] and miR-154 [80]. Interestingly, for 

some miRNAs the effect observed was opposite to our hypothesis. Explanations could 

include changes in gene expression in cultured DRG neurons (leading to changes in miRNA 

target acquisition), and/or increased activities on secondary targets [47] due to 

overexpression of miRNAs. It is also worth noting that vector-based overexpression of 

miRNAs dissociates their expression from their normal complex feedback and feedforward 

regulatory loops, which are likely to exist in DRG neurons as in other cells [81–83].

The commercial qPCR panels we used to screen all known rodent miRNAs, include, in some 

cases, both the mouse and rat versions, even when they share the same sequences. An event 

that frequently happens since miRNAs are highly conserved across organisms [46,84]. It is 

not surprising that when miRNA sequences were the same between mouse and rat, we 

detected similar differential expression for both the rat and the mouse forms. In a few cases 

only the rat form of the miRNA was differentially expressed. In these cases the sequences 

were not similar, suggesting the presence of previously unrecognized mouse miRNAs with 

homologs in rats [85,86]. The number of differentially expressed miRNAs we found depends 

on cutoffs for significance and fold change that were arbitrarily decided. Less stringent 

criteria would have resulted in a larger number of differentially expressed miRNAs; in 

particular a less stringent fold change cutoff would have allowed small changes in miRNA 

expression to be called significant. Given the multi-targeting nature of miRNAs, it has 

previously been suggested that minor variations in expression could have a real impact on 

cellular functions [87,88]. However, lowering the fold change cutoff also increases false 

positives, mostly due to inherent variability and biases, especially with a technology such as 
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qPCR[89,90]. Our more stringent approach, which has been also applied by others [24,34], 

increased our confidence in the biological significance of the 49 miRNAs we analyzed.

These explanations highlight some of the challenges associated with the gain of function 

approach we adopted, in particular the expression of the miRNAs at non-physiological 

levels, and the possibility of non-specific targeting. Thus more tests with alternative 

strategies (e.g. miRNA silencing) will be useful to confirm the involvement of the suggested 

miRNAs in axon regeneration. To understand the mechanisms by which miRNAs modulate 

neurite growth, we need to identify their relevant mRNA targets. Former studies have 

focused on a single target for each axon growth associated miRNA [31,33], even though 

miRNAs have the potential to simultaneously target hundreds of mRNAs [19,21,91]. 

Additionally, these single targets have been assumed to be represented by their best known 

(“conventional”) isoforms. However, recognition of the importance of cell specific isoforms 

in biological processes [68,69] including axon growth [70,71] has been growing. Isoform 

diversity often occurs at the level of the non-coding portions of mRNAs, such as the TSS or 

the 3′UTR. These elements are responsible for regulation of mRNA expression, suggesting 

the existence of isoform specific regulation of expression by miRNAs. We hypothesize that 

defining these regulatory processes will be critical to identify which targets comprise nodes 

mediating axon regeneration.

By using RNA-Seq to analyze gene expression at the isoform level in laser captured DRG 

neurons, we observed the expression of several thousand cell specific isoforms. Most of 

these were not found in major reference databases (e.g. UCSC Genome Browser, RefSeq or 

Ensembl) and included novel protein splice forms, 3′UTRs, and/or TSSs. More importantly 

from our perspective, we observed more than 2000 differentially expressed isoforms 

comparing DRG neurons of crushed and control nerves. In the majority of cases, several 

isoforms were expressed from the same gene but only some were differentially expressed 

(see Table S11). These observations strongly suggest that examining only conventional 

isoforms will not allow a detailed understanding of miRNA regulation of regeneration.

We analyzed expression changes of miRNAs and mRNAs at a single time point–7 days post 

injury. This approach does not take into account dynamics of gene expression over long 

periods of time (some of the expression levels we observe might be in a rising or declining 

phase). Sampling of other time points, however, would increase the identification of changes 

associated with biological processes outside the scope of this study, such as inflammation or 

re-myelination [54]. We believe that our analysis provides enough information to identify 

expression changes responsible for or associated with axon regeneration, which is ongoing 

at 7 days post injury [2]. A more comprehensive study of the totality of events in peripheral 

ganglia after injury would require an experimental design including multiple time points.

To predict which miRNA targets (mRNA isoforms) influence DRG axon growth, we used a 

bioinformatics approach to identify, in the differentially expressed mRNA isoforms, MREs 

for the miRNAs that altered neurite growth. We used this information to design a network of 

interactions that we propose influences regeneration of DRG axons. Further experiments 

will be required to confirm that the proposed model is valid in vivo. In the dense network we 

observed, we focused on a core group of isoforms, each of which is targeted by several 
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miRNAs. The genes in the network are strongly associated with morphogenesis, cell polarity 

and regulation of the cytoskeleton. These biological processes are likely to be important in 

axon regeneration. Strategies that use a number of miRNAs to target this network offer an 

exciting possibility to promote regeneration of DRG neurons.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Numerous miRNAs are differentially expressed in DRG neurons 7 days post axotomy
MiRNA expression in DRG neurons during axon regeneration was examined. All the 

miRNAs tested are reported as dots in the volcano plot, plotted as the –Log10 of the p-value 

for differential expression (applying a t-test), as a function of the Log2 of the fold change. 

The red dotted line represents a p-value of 0.05. All red dots are miRNAs that are considered 

differentially expressed (p-value < 0.05, Log2 (Fold Change) <−1 or >1). Green dots are 

miRNAs considered non-differentially expressed (p-value > 0.05, Log2 (Fold Change) >−1 

and <1). A total of 49 miRNAs were determined to be differentially expressed: 44 

upregulated and 5 downregulated.
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Fig. 2. Overexpressing microRNAs in DRG neurons in culture influences neurite length
DRG neurons were transfected with a control EGFP-anti-luciferase-siRNA expressing 

vector (A, B, C) or EGFP-microRNA expressing vectors (D-I) and let grow in vitro to 

analyze their effect on neurite growth. The neurons were immunostained for βIII tubulin (B, 

E, H) and automatically traced (C, F, I). The figure reports an example of one miRNA 

increasing the neurite length, miR-9 (D, E, F), and one decreasing length miR-466d (G, H, 

I). Scale bar is 200 μm.
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Fig. 3. A phenotypic screen revealed the effects of miRNA overexpression in neurite growth of 
DRG neurons in culture
All differentially expressed miRNAs were cloned into expression vectors and individually 

transfected in adult mouse DRG neurons. Neurite length was measured for each transfected 

cell 39 hours post transfection (15 hours after re-plating) and robust Z-scores were 

calculated comparing to cells transfected with a control vector expressing an anti-Luciferase 

siRNA. The barplot reports robust Z-scores for each miRNA. Green bars are miRNAs that 

were downregulated in vivo in DRG neurons post-axotomy; red bars are miRNAs that were 

upregulated. For each miRNA between 25 and 100 cells were measured. Red dotted lines 

represent arbitrary threshold for significance (> 2, < -2). Overexpression of 9 miRNAs 

resulted in a decrease in neurite length (robust Z-score < -2), while overexpression of 13 

different miRNAs resulted in an increase in neurite length (robust Z-score > 2).
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Fig. 4. Thousands of isoforms are differentially expressed in DRG neurons 7 days after axotomy
Adult mice underwent sciatic nerve crush (Crushed, y-axis) or sham surgery (Controls, x-

axis). 7 days post injury the ganglia at the L3, L4 and L5 levels were dissected and neurons 

were collected by laser microdissection. RNA-Seq technology was used to analyze changes 

in RNA expression at the isoform level. Grey dots in the scatterplot represent isoforms. The 

x axis represents the log10 of the expression value in the control samples (reported in FPKM 

+ 1). The y-axis represents the log10 of the expression value in the crushed samples. In red 

are the isoforms that passed a Jensen-Shannon divergence test for differential expression 

(FDR corrected p-value < 0.05) and meet our arbitrary threshold for meaningful change 

(Log2 of the Fold Change <-1 or >1). In green are the isoforms that did not pass the 

statistical test (FDR corrected p-value > 0.05) or did not meet the Fold Change threshold 

(Log2 of the Fold Change >-1 and <1). A total of 2682 isoforms were called differentially 

expressed.
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Fig. 5. qPCR confirms isoform differential expression
We used quantitative Real Time PCR to confirm differential expression for 8 selected 

isoforms. (A) Fold Changes of differential expression obtained using the Canx gene isoform 

for normalization strongly correlates (Pearson correlation R2 = 0.89, Kendall correlation tau 

coefficient = 0.71) with results reported by RNA-Seq analysis. (B) Similar results were 

obtained when using Psmb2 for normalization (Pearson correlation R2 = 0.9, Kendall tau 

coefficient = 0.71).
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Fig. 6. MRE analysis identifies core network of interactions behind DRG regeneration
miRNA binding site analysis was used to predict interactions between miRNAs and mRNA 

isoforms. The isoforms were filtered to identify the core of the network of interactions (see 

Methods and Results). The resulting network is reported, where nodes are miRNAs (circles) 

and isoforms (boxes). Red nodes were upregulated in vivo after axotomy, green nodes were 

downregulated. Node size is proportional to the number of edges connecting it. Edge 

thickness is inversely correlated with the interaction score (see Methods). Blue edges 

connect isoforms of the same gene.
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