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Abstract

Spinal cord injury (SCI) results in muscle atrophy, reduced force generation and an oxida-

tive-to-glycolytic fiber type shift. The mechanisms responsible for these alterations remain

incompletely understood. To gain new insights regarding mechanisms involved in deteriora-

tion of muscle after SCI, global expression profiles of miRs in paralyzed gastrocnemius mus-

cle were compared between sham-operated (Sham) and spinal cord-transected (SCI) rats.

Ingenuity Pathways Analysis of the altered miRs identified signaling via insulin, IGF-1, integ-

rins and TGF-β as being significantly enriched for target genes. By qPCR, miRs 23a, 23b,

27b, 145, and 206, were downregulated in skeletal muscle 56 days after SCI. Using FISH,

miR-145, a miR not previously implicated in the function of skeletal muscle, was found to be

localized to skeletal muscle fibers. One predicted target of miR-145 was Cited2, a transcrip-

tional regulator that modulates signaling through NF-κB, Smad3 and other transcription fac-

tors. The 3’ UTR of Cited2 mRNA contained a highly conserved miR-145 seed sequence.

Luciferase reporter assays confirmed that miR-145 interacts with this seed sequence. How-

ever, Cited2 protein levels were similar between Sham and SCI groups, indicating a bio-

chemical interaction that was not involved in the context of adaptations after SCI. Taken

together, the findings indicate dysregulation of several highly expressed miRs in skeletal

muscle after SCI and suggest that reduced expression of miR-23a, 145 and 206 may have

roles in alteration in skeletal muscle mass and insulin responsiveness in muscle paralyzed

by upper motor neuron injuries.
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Introduction

Skeletal muscle is a highly plastic tissue that quickly adapts to changes in workload by altering

cross sectional area, force production and levels of the metabolic machinery required for oxi-

dative phosphorylation. Immobilization due to bed rest or casting, as well as a wide variety of

medical disorders including cancer, infection, renal failure and heart failure, result in muscle

atrophy and loss of muscle performance which, ultimately, reduces function and predisposes

to frailty. Immobilization or paralysis stimulate rapid decreases in muscle mass and force pro-

duction, fiber type conversion from slow to mixed or fast-twitch phenotypes, and declines in

mitochondrial numbers and capacity for oxidative phosphorylation [1–3]. Key steps in muscle

atrophy include catabolism of muscle proteins, particularly myofibrillar proteins, through pro-

teolysis. Most of the protein catabolism that occurs after immobilization or paralysis is medi-

ated through the ubiquitin-proteasome system. Upregulation of at least two muscle-restricted

E3 ubiquitin ligases, termed MAFbx and MuRF1, is a common feature of virtually all forms of

muscle atrophy studied thus far [1, 4]. Activation of the transcription factors FoxO1 and

FoxO3a, NF-κB, and KLF15 are thought to play key roles in the gene expression programs that

drive muscle atrophy, including increased expression of MAFbx and MuRF1 [1, 4].

Upstream signals implicated in muscle atrophy caused by immobilization or paralysis

include de-novo expression of sarcolemmal connexin 43 and 45 hemichannels [5], activation

of NF-κB [6], and signaling via TWEAK/Fn14 [7, 8]. Myostatin may also accelerate the prog-

ress of immobilization-related atrophy [9]. Myostatin is a glycoprotein and member of the

TGF-β superfamily of growth factors that is released primarily by skeletal and cardiac muscle

and is a potent negative regulator of muscle mass [10]. Myostatin signals through binding the

Activin receptor IIB, resulting in phosphorylation and nuclear migration of Smad2 and Smad3

and transcriptional regulation of specific target genes [10, 11]. Myostatin signaling is activated

in muscle paralyzed by SCI based on findings that mRNA levels for the Activin receptor IIB

are elevated and Smad2 and Smad3 are activated in skeletal muscle at 56 days after SCI in rats

[12].

A link between microRNAs (miRs) and muscle atrophy has been proposed.[13–15] miRs

are small, ~22 base pair non-coding RNAs that are recognized for having major roles in biol-

ogy and disease.[16–18] miRs bind to sequences in the 3’ UTR of target mRNAs and inhibit

translation, promote mRNA degradation or both. In most cases, miRs bind with partial com-

plementarity to one or more sequences within a target mRNA. MyomiRs are miRs that are

highly or uniquely expressed in skeletal muscle. The canonical myomirRs are miR-1, miR-

133a/b, and miR-206. Other important myomiRs, namely miR-208b, miR-486 and miR-499,

have been identified [17]. Dysregulation of miRs has been implicated in muscle atrophy due to

nerve transection, spaceflight, bedrest and inflammatory conditions.[13–15, 19, 20]

Spinal cord injury (SCI) results in paresis or paralysis of muscle innervated by motor neu-

rons arising at vertebral levels below the injury site. SCI results in extensive, rapid atrophy of

paralyzed muscle with loss of 40–60% of muscle mass, reduced muscle force production, poor

endurance and a switch from slow, oxidative to fast glycolytic fiber[2, 3, 21]. Several alterations

have been described in muscle obtained from humans with chronic SCI (more than 6 years

post injury). As compared to older, sedentary able-bodied male controls, those with SCI

showed decreased expression of genes required for glucose storage associated with increased

expression of genes for glycolysis [22]. Several alterations have been described in muscle

obtained from humans with chronic SCI (more than 6 years post injury). As compared to

older, sedentary able-bodied male controls, those with SCI showed decreased expression of

genes required for glucose storage associated with increased expression of genes for glycolysis

[22]. A comparison of gene expression between able-bodied controls and individuals at 2 and
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5 days after SCI found upregulation of ubiquitin ligases (MAFbx, MuRF1), metallothioneins

and the proteasome subunit PSMD11 [23]. Shields and co-workers evaluated effects of long-

term electrical stimulation (ES) of the soleus muscle in paraplegics using microarray analysis

of RNA from soleus muscle biopsies obtained from the FES-trained soleus and its contralat-

eral, untrained counterpart. ES upregulated expression of PGC-1a, slow myosin heavy chain

and genes involved in oxidative phosphorylation [24]. Genes that were differentially regulated

by starvation, denervation or SCI were interrogated using using connectivity analysis, which

identified ursolic acid as a candidate molecule for mitigating these deleterious changes [25].

Follow-up studies in animal models demonstrated that ursolic acid reduced denervation atro-

phy in mice [25]. The goal of the present study was to further understand the global alterations

in miR expression profiles that occur after SCI and to understand the potential relevance of

such changes to skeletal muscle atrophy by identifying targets of dysregulated miRs and bio-

logical processes to which the target mRNAs contribute. Because of evidence that only the

most highly expressed miRs have functional roles [26], our analysis also sought to understand

which of the dysregulated miRs are most highly expressed. Our hypothesis was that SCI results

in a unique signature of miR dysregulation that predicts alterations in signaling that controls

muscle mass, force production and metabolism.

Materials and Methods

Animals

Male Wistar-Hannover rats (Taconic Farms) were housed in a temperature and humidity con-

trolled facility with a 12:12 hour light-dark cycle and were provided food and water ad-libitum.

SCI involved surgical transection of the spinal cord. Animals were anesthetized by inhalation

of isofluorane and weighed. Hair was removed from the skin with a clipper, after which skin

was cleaned with an iodine solution and 70% ethanol. The spinal cord was visualized through

a midline incision after careful dissection to separate paraspinal muscles from vertebral process

and removal of the spinus processes at T4 with a bone rongeur. Several drops of 1% lidocaine

were applied to the dura, after which the spinal cord was cut with a fine scissors, and a surgical

sponge was placed between the cut ends of the spinal cord. Some animals underwent a sham

SCI (Sham). These animals underwent a laminectomy without manipulation of the dura or

spinal cord. Animals for the present study were part of a larger study in which Alzet pumps

were implanted subcutaneously cephalad to the incision for the SCI or Sham surgery and the

wound was closed with suture in layers. The animals described in this study received a contin-

uous infusion of vehicle only (propylene glycol). At 28 days after SCI or sham SCI, animals

were anesthetized by inhalation of isofluorane, and pumps were removed and replaced in both

groups to continue the vehicle administration.

Post-operatively, animals were administered with carprofen daily for 3 days, Baytril for 5

days, and warmed lactated Ringer’s solution (5 ml) subcutaneously for 3–5 days then as

needed. Urine was manually expressed 3 times daily until automaticity of the bladder devel-

oped, usually within the first 1–2 weeks, after which urine was expressed as needed. Animals

were checked at least daily for the entire course of the study. At 56 days after SCI animals were

anesthetized with isofluorane and muscles were excised after isolation by careful dissection,

weighed, and snap frozen in liquid nitrogen then stored at -80 until analysis. Normalized mus-

cle weights were calculated by dividing the average weight for the muscle from the left and

right sides by body weight prior to surgeries.

Animals were in good health for the duration of the study. One animal in the SCI group

died before the 56 day time point due to bladder rupture. All animal studies and procedures
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were approved by the IACUC at the James J. Peters VA Medical Center and conformed to the

NIH Guide for the Care and Use of Laboratory Animals.

RNA isolation

Total RNA was isolated from gastrocnemius muscle (50–80 mg, random sampling) from the

Sham and SCI groups (8 samples/group) using the mirVana miRNA isolation kit (Life Tech-

nologies) according to the manufacturer’s instructions. Briefly, the tissue was homogenized

in 10 volumes of lysis/binding buffer. The homogenate was extracted with acid-phenol:chlo-

roform and the phases were separated by centrifugation. The aqueous phase was directly

loaded onto a glass fiber filter cartridge column to further purify the RNA. Total RNA was

eluted with 0.1 mM EDTA (elution solution) preheated at 95˚C. The quality of the RNA sam-

ples was assessed with an Agilent Bioanalyzer. The average RIN number of the RNA samples

was 8.23+/- 0.43.

Global miRNA expression profiling

miR profiling was performed by Nanostrings Inc using the nCounter rat microRNA assay

according to the procedures recommended by the manufacturer. Raw data was processed

using nSolver analysis software. Normalization was performed based on the geometric means

of the top 100 expressed miRs in each sample. Baseline counts for each sample calculated as

the average of the 8 negative controls+2 standard deviations were subtracted from the respec-

tive count value. The data were filtered to include the 100 most highly expressed miRs top

expressed miR and fold expression change between the Sham and SCI samples was calculated

Analysis by qPCR of miRNA expression

cDNA was synthesized from 1 ug total RNA using the specific primers provided with the Taq-

Man miR assays. The RT primers for the miR targets to be quantitated plus the ones for U6

snRNA (normalizer) were pooled, diluted (1:100 final dilution) and the total RNA was reverse

transcribed using the TaqMan MicroRNA Reverse transcription kit (Life Technology) accord-

ing to the protocol provided by the manufacturer (Life Technology protocol #4465407). qPCR

was performed using the corresponding TaqMan miR assays in a 10 μl reaction. Normalization

was performed using U6 snRNA. The relative expression levels of this snRNA were similar

between Sham and SCI samples as indicated by the Ct value reported after analysis of raw

qPCR data (21.5+/- 0.17 and 21.12+/- 0.27 respectively). The relative expression of each miR

in each sample was calculated with the 2-ΔΔCt method using the Sham samples as reference.

[27]

mRNA target and pathways analysis

To identify known or high probability mRNA targets of the miRs that were differentially

expressed in skeletal muscle from SCI rats, we used Ingenuity Pathways Analysis software. The

mRNA targets thus identified above were then input into a pathways analysis algorithm in

Ingenuity Pathways Analysis (www.ingenuity.com) to identify pathways for which there was a

significant overrepresentation of genes.

Luciferase reporter assays

The 3’UTR of mouse Cited2 (accession NM_010828.3, nucleotides 1051–1853) was amplified

from mouse genomic DNA with Platinum Pfx DNA polymerase (Life Technology) and cloned

MicroRNA Changes after SCI

PLOS ONE | DOI:10.1371/journal.pone.0166189 December 1, 2016 4 / 19

http://www.ingenuity.com


into the pmirGLOW Dual Luciferase vector (Promega) downstream from the luciferase gene.

The resulting constructs were sequenced to confirm their identity.

To modify the miR-145 target site in the Cited2-3’UTR, the plasmid was subjected to site

directed mutagenesis using the Q5 Site directed mutagenesis kit (New England Biolabs) and

the appropriate mutagenic primers (5’AATATGCTAACAGAGAAGATTAAACATGTGGGCCAA
AC and 5’TGAAAACTTAAGTCTGTACTC). The miR-145 target site was changed from

AACUGGAA to ACAGAGAA. The presence of the mutation was verified by sequencing.

Mouse C2C12 cells were grown to 50% confluence in 24 well-plates under proliferating

conditions with Dulbecco’s Modified Eagles Medium (Life Technologies) supplemented with

10% fetal bovine serum and 1% penicillin and streptomycin. Cells were co-transfected with

0.2 μg of pmirGLO vector containing the 3’ UTR of Cited2 and a miR-145 mimic (670 nM;

Qiagen) or a universal siRNA negative control (Allstars, Qiagen) using the Attractene reagent

as per manufacturer’s protocol (Qiagen). The media was replaced 24 h post-transfection. Cells

were passively lysed and analyzed 48 h post-transfection for luciferase activity with the Dual-

Luciferase Reporter Assay System (Promega) according to the manufacturer’s instructions.

Luciferase luminescence values were normalized to Renilla luminescence values.

Fluorescent in situ hybridization (FISH) analysis of miR-145

Frozen rat gastrocnemius muscle sections (8–12 μm) were fixed in ice cold 4% PFA/PBS for 20

min, rinsed twice in RNase-free PBS for 10 min and treated with 20 μg/ml Proteinase K solu-

tion (Exiqon) for 5 min. Sections were post-fixed with ice cold 4% PFA/PBS for 20 min, rinsed

twice in RNase-free PBS for 5 min and washed in DEPC-treated dH2O. The sections were

then rinsed in 0.85% NaCl for 5 min, followed by 2x SSC buffer for 5 min, dehydrated through

graded ethanols and left to dry at room temperature for 1 h. The sections were pre-hybridized

at 37˚C for 4 h in SSC prehybridization solution (bioPlus, 700830) then hybridized overnight

at 37˚C with a digoxigenin-labeled miRCURY LNA probe for miR-145 or scrambled control

(Exiqon) at 20-40nM in hybridization solution (Exiqon). A probe for U6 snRNA (1nM) was

used as positive control for the experiment. Following hybridization, the sections were sequen-

tially washed in 2x SSC at 37˚C for 15 min, 2x SSC at 50˚C for 10 min, 1x SSC for 10 min and

1x SSC/ 0.02% SDS for 10 min. The sections were then washed 4 times for 5 min in PBS/ 0.1%

Tween-20 (PBS-T) at room temperature and blocked for 2 h at room temperature in 15% goat

serum and 0.1% Triton X-100 in PBS. An anti-digoxigenin HRP Conjugate (PerkinElmer,

NEF832001) was applied at 1:200 dilution in blocking solution for 1 h. Sections were then

washed with PBS-T 4 times for 5 min each and incubated with 100 μl of Cy5-tyramide working

solution (PerkinElmer, NEL745001) for 10 min, washed with PBS-T 4 times for 5 min and air

dried. The sections were mounted in DAPI (4’,6-diamidino-2-phenylindole)-containing

Fluorogel mounting medium (EMS, Hatfield, PA) and imaged with a Zeiss 700 confocal

microscope. Images were processed with Adobe Photoshop CC.

SDS-PAGE and western immunoblotting

A subset of animals (n = 5/group) had cytosolic and nuclear levels of Cited2 protein deter-

mined. SDS-PAGE and immunoblotting protocols were similar to previous studies from our

lab [12, 28]. Briefly, ~25 mg of gastrocnemius muscle was homogenized and separated into

cytosolic and nuclear fractions by a commercially available kit according to the manufacturer’s

instructions (NE-PER Nuclear and Cytoplasmic Extraction Kit; Pierce). Protein was quantified

by a microBCA kit (Pierce). 60 μg of protein was separated by SDS poly-acrylamide gel and

transferred onto a PVDF membrane. After transfer, membranes were blocked with 5% non-fat

dry milk in Tris buffered saline, 0.01%Tween (TBST) for 1 h and incubated overnight at 4˚C
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with antibodies against Cited2 (Abcam), ß-tubulin or Histone H3 (Cell Signaling) diluted

1:1000 in TBST /1% non fat dry milk. Membranes were rinsed 3 times for 10 min with TBST

and incubated with an anti-rabbit horseradish peroxidase conjugated secondary antibody

(Cell Signaling) diluted 1:2000 in TBST 1% milk for 1 h then rinsed 3 times for 10 min. Mem-

branes were then incubated with a chemiluminescent solution (ECL; GE Healthcare) for 5 min

and imaged using a CCD digital camera system (AI600, GE Healthcare). Images were quanti-

fied using ImageQuant 8.0 (GE Healthcare)

Data analysis and statistics

Data are expressed as mean valued ± STD. The significance of differences between means was

determined with a two-tailed unpaired students t-test using Microsoft Excel (Nanostrings

data) or Graphpad Prism 7.0. A p value less than 0.05 was considered significant.

Results

Changes in body and muscle weight

Animals in the SCI group had significantly lower body weights at 56 days after SCI (Fig 1A).

Weights of gastrocnemius, soleus and plantaris muscles were significantly reduced by SCI (Fig

1B–1D). Weights of triceps muscles, a major postural muscle, were also significantly reduced

by SCI, possibly due to reduced workload as a result of diminished mobility and/or body

weight (Fig 1E). Biceps weights were not significantly different among groups (Fig 1F).

Global miR expression profiles

The effect of SCI on global miR expression profiles was examined with an unbiased approach

using the Nanostrings miR expression platform. This method determines the number of copies

of each of 424 rat miRs. After normalizing raw counts and excluding miRs for which fewer

than 100 miR copies were detected, 87 expressed miRs were identified in rat gastrocnemius

muscle. Their expression levels ranged from 100 to over 100,000 copies (S1 Table). The num-

ber of copies observed for the 20 most-highly expressed miRs varied by over 100-fold

(Table 1). The most highly expressed miR was miR-1; its expression was ~4-fold greater than

that of miR-206, the next most highly expressed miR (Table 1). The next-most highly

expressed miRs were, in descending order, miRs 23a, 378, 22 and 126 (Table 1). miRs 99a, 29a,

210 and let-7a were upregulated whereas miRs 28, 133b, 378, 24, 450a, and 434 were downre-

gulated (Tables 1 and S1).

Networks targeted by differentially expressed miRs

Two hundred and forty nine confirmed targets of the regulated miRs were identified using

Ingenuity Pathways Analysis (S2 Table). This list of mRNAs was further analyzed by Ingenuity

Pathways Analysis to identify canonical pathways for which there was an over-representation

of mRNAs, and to identify upstream regulators of these pathways. Among the top 20 most sig-

nificant pathways were several related to muscle growth and atrophy including integrin signal-

ing, TGF-ß signaling, ERK/MAPK signaling and role of NFAT in cardiac hypertrophy (Tables

2 and S3). The analysis of upstream mediators revealed TGF-ß1 and TNF-alpha as the second

and third most significant categories, respectively (S4 Table).

Quantitation of miR expression by qPCR

Expression of selected miRs was also assessed by qPCR using the same Sham and SCI RNA

samples employed for the Nanostrings analysis, as well as two additional samples for each
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group (total 8/group). miRs were selected for qPCR analysis because they met one of the fol-

lowing criteria: (1) they were myomirs (miRs 1, 133b, and 206) or involved in muscle regenera-

tion (miR-486); (2) they targeted genes implicated in muscle atrophy (miR-23a/b, miR-27); (3)

they were expressed in muscle at high levels and were altered after SCI but have unclear roles

in muscle atrophy (miR-145); (5) they were not altered after SCI (miRs 17 and 126) and thus

provide controls for internal consistency when comparing qPCR and Nanostrings data. As

compared to the Sham group, a significant reduction in miR expression was observed in the

SCI group for miR-23a, miR-23b, miR-27b and, miR-145 (Fig 2A). Expression of miRs 17,

126, and 486 was not different between Sham and SCI groups (Fig 2A). Among the myomiRs,

miR-206 was significantly downregulated after SCI whereas no change in expression was

observed for miR-1 or miR-133b (Fig 2B).

Comparison of the qPCR and Nanostrings data revealed agreement for miR-1, miR-126,

and miR-17, which were unchanged after SCI by both methods (Fig 2, Tables 1 and S1). By

qPCR, miR-145 and miR-206 were downregulated after SCI (Fig 2); their expression was

Fig 1. Body and muscle weights at 56 days after spinal cord transection at T4. Data are mean values ± STD for: A) body weight; B) gastrocnemius; C)

soleus; D) plantaris; E) triceps; F) biceps. Percentages shown within each bar are: gain in body weight relative to pre-operative weight (panel A) and

normalized muscle weight relative to Sham (panels B-F). N = 14 for each group.

doi:10.1371/journal.pone.0166189.g001
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reduced after SCI by Nanostrings although the differences were not significant (p< 0.11 and

0.08, respectively) (Fig 2 and Table 1). miR-23a and b were found to be reduced by qPCR (Fig

2) and were reduced by Nanostrings although not significantly so (p< 0.68 and p< 0.11,

respectively) (Tables 1 and S1). miR-133b was reduced in the Nanostrings analysis but

unchanged by qPCR.

Distribution of miR-145 in muscle tissue

As noted above, one of the miRs downregulated after SCI was miR-145, which has been

reported to be present in skeletal muscle homogenates and to undergo reduced expression

after denervation or starvation [15]. It is not known whether miR-145 is present in skeletal

muscle fibers as opposed to other cellular constituents of skeletal muscle, and consequently or

whether such reductions might impact skeletal muscle fiber homeostasis. Therefore, distribu-

tion within muscle of miR-145 was addressed using LNA-FISH. Cross sections of rat gastroc-

nemius muscle revealed bright staining for miR-145 within muscle fibers in proportion to the

concentration of the hybridization probe (Fig 3A and 3B) while no staining was observed with

a scrambled miR control (Fig 3D) or without any probe (Fig 3E) confirming that miR-145 is

Table 1. Effect of SCI on expression of the mostly highly expressed miRs in gastrocnemius muscle.

miR MIMAT ID Mean Sham Mean SCI RQ p value

miR-1 0003125 231068 232084 1.00 0.959

miR-206 0000879 30540 16552 0.54 0.089

miR-133a 0000839 26619 22794 0.86 0.110

miR-29c 0000803 15242 15490 1.02 0.869

miR-378 0003379 14199 11221 0.79 0.019

miR-22 0000791 11521 12154 1.05 0.505

miR-126 0000832 11464 10353 0.90 0.436

miR-16 0000785 10687 11813 1.11 0.081

miR-30c 0000804 10148 10445 1.03 0.719

miR-27b 0000798 8213 7658 0.93 0.172

miR-23a 0000792 8085 7819 0.97 0.680

miR-29a 0000802 6755 8303 1.23 0.038

miR-125b-5p 0000830 6508 7733 1.19 0.105

let-7d 0000562 5473 5348 0.98 0.636

miR-133b 0003126 4960 2640 0.53 0.007

miR-145 0000851 3572 2705 0.78 0.109

miR-30d 0000807 3370 3335 0.99 0.973

miR-199a-3p 0004738 3315 3728 1.12 0.524

let-7i 0000779 3106 3126 1.10 0.897

miR-30a 0000808 2798 2556 0.91 0.497

let-7f 0000778 2691 2708 1.01 0.897

miR-181a 0000858 2249 2418 1.08 0.207

miR-99a 0000820 2209 3859 1.75 0.00001

let-7b 0000775 2121 2042 0.91 0.625

miR-23b 0000793 2090 1898 0.91 0.110

Nanostring analysis was performed on RNA isolated from gastrocnemius from Sham or SCI rats (n = 6 /group). The data were normalized based on the

geometric mean of the top 100 expressed miRs in each sample. Expression levels of miRs present at >2000 counts in the Sham group and their expression

in the SCI group as compared to the Sham group (RQ) is indicated.

doi:10.1371/journal.pone.0166189.t001
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Table 2. Significantly enriched pathways for highly expressed, differentially expressed miRs1.

Ingenuity Canonical Pathways -log(p-value) Ratio

Axonal Guidance Signaling 4.90E+01 2.26E-01

Molecular Mechanisms of Cancer 3.60E+01 2.11E-01

Protein Kinase A Signaling 3.10E+01 1.90E-01

Integrin Signaling 2.98E+01 2.62E-01

Actin Cytoskeleton Signaling 2.91E+01 2.49E-01

Regulation of the Epithelial-Mesenchymal Transition Pathway 2.89E+01 2.72E-01

Epithelial Adherens Junction Signaling 2.86E+01 3.08E-01

TGF-ß Signaling 2.45E+01 3.79E-01

HGF Signaling 2.37E+01 3.33E-01

B Cell Receptor Signaling 2.29E+01 2.44E-01

Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 2.27E+01 1.85E-01

ERK/MAPK Signaling 2.27E+01 2.35E-01

Glucocorticoid Receptor Signaling 2.23E+01 1.95E-01

Cardiac Hypertrophy Signaling 2.20E+01 2.11E-01

Clathrin-mediated Endocytosis Signaling 2.20E+01 2.32E-01

Role of NFAT in Cardiac Hypertrophy 2.16E+01 2.35E-01

Xenobiotic Metabolism Signaling 2.16E+01 1.89E-01

IGF-1 Signaling 2.15E+01 3.30E-01

Role of Osteoblasts, Osteoclasts and Chondrocytes in Rheumatoid Arthritis 2.15E+01 2.10E-01

Ephrin Receptor Signaling 2.12E+01 2.36E-01

Germ Cell-Sertoli Cell Junction Signaling 2.08E+01 2.44E-01

1 Significantly enriched biological themes were determined for the 735 known or predicted mRNA targets for

miR-23a, miR-145, miR-206 and miR-467F using Ingenuity Pathways Analysis. The 25 most highly

significant pathways identified are shown.

doi:10.1371/journal.pone.0166189.t002

Fig 2. qPCR determinations of relative expression levels of selected miRNAs (panels A and B). Graphs show means ± STD for 8 animals per group. *,

p < 0.05. Abbreviations: RQ, fold-change for the comparison between SCI and Sham groups.

doi:10.1371/journal.pone.0166189.g002
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expressed in skeletal muscle fibers. Intense staining was noted with a probe for U6 snRNA

used as positive control for the experiment (Fig 3C).

miRs altered after SCI by target multiple mRNA in TGF-ß signaling

The identification of TGF-ß signaling as a pathway for which there was an over-representation

of confirmed mRNA targets of miRs that were differentially regulated in the above Nano-

strings raised the question as to the identity of the targets of the dysregulated miRs that are

involved in TGF-ß signaling. This question is important given that signaling downstream of

myostatin is activated after SCI [12] and that myostatin is a potent negative regulator of muscle

size [29, 30]. To address this question, an additional bioinformatics analysis was performed to

identify confirmed and predicted mRNA targets of the miRs that were downregulated after

SCI by qPCR and are involved in TGF-ß signaling. mRNA targets were identified using Inge-

nuity Pathways Analysis and MirWalk (www.mirwalk.com). Predicted targets were included

in this analysis in order to test the possibility that potential targets of the dysregulated miRs

included mRNA transcripts that had not been previously validated.

Fig 3. miR-145 is localized to muscle fibers. LNA-FISH was performed on cross sections of (rat gastrocnemius muscle using DIG-labeled LNA-FISH

probes for miR-145, scrambled control, and U6 snRNA. A: 20 nM miR-145 probe, B: 40 nM miR-145 probe; C: U6 snRNA probe (1 nM); D: scrambled control

probe (40 nM); E: no probe. Scale bar: 30 microns.

doi:10.1371/journal.pone.0166189.g003
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Confirmed or predicted mRNA targets involved in TGF-β signaling were identified for

miR-23a, miR-145, and miR-206. The targets included receptors (AcvR1B, AcvR1C, AcvR2A,

AcvR2B), transcription factors (Smad2, Smad3, Smad4, Smad5) and the transcriptional co-

regulator Cited2 (Table 3). Six mRNA targets involved in TGF-β signaling were identified for

miR-23a, 9 for miR-145, and 5 for miR-206 (Table 3). Three confirmed targets (AcvR-IB,

Smad3 and Smad4) were identified (Table 3).

Cited2 mRNA is a miR-145 target

The possibility that Cited2 is indeed a target for miR-145 was considered. Analysis using the

TargetScan miR prediction program (http://www.targetscan.org) revealed a miR-145 seed

sequence in the 3’-UTR of the mouse Cited2 mRNA. An alignment of the 3’ UTR of Cited2

from 23 species was performed and revealed that the miR-145 seed sequence found in the

mouse Cited2 mRNA is highly conserved across 20 species, including rats (S1 Fig) but was

absent from guinea pig (Cpo) and cat (Fca), and mutated in frog (Xtr). Reporter gene studies

were performed to test whether miR-145 altered the expression of a luciferase reporter into

which a portion the 3’ UTR of the Cited2 mRNA containing the miR-145 seed sequence or a

mutated version of it was inserted 3’ to the coding sequence for the firefly luciferase gene.

miR-145 significantly reduced normalized firefly luciferase activity whereas mutation of the

predicted miR-145 seed sequence in the 3’ UTR of the Cited2 mRNA abrogated this effect (Fig

4A and 4B).

Table 3. mRNAs targets of differentially expressed miRs that lie within the signaling pathways of

TGFß family members. Confirmed targets are identifed by boldface. Numbers in brackets are literature cita-

tions for confirmed targets.

miR mRNA

miR-23a AcvR-IC

AcvR-IIB

BMRP1B

BMPR2

Smad3

Smad4 [63]

Smad5

miR-145 AcvR-IB [47, 48]

AcvR-IIA

Cited2

Inhibin

Smad2

Smad3 [47, 48]

Smad4

Smad5

TGFBR2

AcvR-IIB

miR-206 BMPR-1B

Smad2

Smad4

TGFBR3

Cited2

doi:10.1371/journal.pone.0166189.t003
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Cited2 protein levels after SCI

To determine miR-145 was correlated with in expression of Cited2, rat gastrocnemius muscle

was subjected to subcellular fractionation. Cytosolic and nuclear Cited2 levels were deter-

mined in lysates of gastrocnemius muscles. Neither cytosolic nor nuclear Cited2 protein levels

were significantly different between Sham and SCI groups (Fig 5A and 5B, respectively).

Discussion

Studies using microarrays have identified approximately 150 miRs in skeletal muscle [15].

Which of these participate in homeostasis or responses to changes in workload, injury or dis-

ease is not yet fully understood. Knowledge regarding the relative abundance of these miRs is

important to understanding which miRs contribute to muscle homeostasis because it was

recently reported that only the most abundant miRs have discernable functions based upon

screens with sensing and inhibitory libraries [26]. The Nanostrings platform employed for

profiling miR expression measures the number of copies of each miR species present in each

sample. This permitted the identification of the most highly expressed miRs present in gastroc-

nemius muscle from male rats. By far the most abundant miR was miR-1. If one takes an abun-

dance of 10% of that for miR-1 as a cut-off for being highly expressed, only miR-206 and miR

29c would be included. Using a cutoff of 1% of the abundance of that of miR-1, a total of 22

Fig 4. miR-145 targets Cited2. A. Alignment of miR-145 with the putative target site in the 3’UTR of Cited2 and with a mutated version. B.

Luciferase reporter gene assays were conducted after transfection of C2C12 cells with reporter constructs harboring the Cited2 3’UTR

containing a wild-type or mutant miR-145 seed sequence and with a miR-145 mimic or a scrambled RNA control. Data are the combined

mean values ± STD of two separate experiments; n = 12 wells.

doi:10.1371/journal.pone.0166189.g004

MicroRNA Changes after SCI

PLOS ONE | DOI:10.1371/journal.pone.0166189 December 1, 2016 12 / 19



miRs would be present at concentrations above the cutoff; these miRs include miRs 23a, and

145.

Parallel studies were performed using qPCR to further understand how SCI altered expres-

sion levels of specific miRs. This second approach was intended to evaluate changes in the

expression of specific miRs such as the myomirs, mirRs implicated either directly (miR-206)

or indirectly (miR-23a/b) in muscle atrophy, and one miR not previously linked to muscle

atrophy (miR-145). Several additional miRs that were not altered by Nanostrings analysis were

included to validate any comparisons between results of the two assays. All samples used in the

Nanostrings comparison were also analyzed by qPCR assuring that the two analyses were

comparable.

In general, the direction of changes observed were in agreement between the pPCR and

Nanostrings data with the caveat that difference did not reach the threshold for significance

using the latter approach in all cases. There may be several explanations for these differences.

The most obvious is that more samples were analyzed by qPCR. In addition, qPCR data were

normalized relative to expression of a housekeeping gene, U6 RNA whereas Nanostrings data

were normalized using on an adjustment to absolute counts based on the geometric mean for

the top 100 miRs, some of which were below the cutoff for inclusion in our analysis. In addi-

tion, the signal to noise ratio for miRs detected at less than 1000 copies per samples is, presum-

ably, low relative to that for the qPCR approach resulting in greater variability with the

Nanostrings method. The qPCR data support the conclusion that 5 highly expressed miRs are

downregulated after SCI: miRs 23a, 23b, 27b, 145 and 206. The Nanostrings data are consistent

with this conclusion although reductions in levels of these miRs by Nanostrings that did not

reach significance. We therefore conclude that at 56 days after a spinal cord transection there

is reduced expression of miRs 23a, 23b, 27b, 145 and 206. Due to the heterogeneity of fiber

type in the gastrocnemius, some variability may have been introduced by the random sampling

of the tissue for RNA isolation, however this did not obscure any significant differences in the

expression of the above miRs. A consideration is that the surgery to replace the mini-osmotic

pumps may have resulted in a stress that affected skeletal muscle homeostasis and gene regula-

tion. It should be noted that both Sham and SCI groups underwent this procedure which we

believe would provide a control for any potential confounding effects of this surgery on miR

expression. While effects of these surgeries on muscle were not examined in the current study,

Fig 5. Cited2 protein expression is maintained at 56 days post-SCI. Rat gastrocnemius muscle was

fractionated into cytosolic (A) and nuclear fractions (B) and probed for Cited2 expression by immunoblotting.

There were no differences in either the cytosolic or nuclear expression of Cited2. Data are presented as mean

values normalized to tubulin or histone H3. N = 5 per group.

doi:10.1371/journal.pone.0166189.g005
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we have previously reported that expression of several muscle atrophy genes is increased at

early time points after either laminectomy [31], and that these alterations resolve by 14 days.

While we cannot exclude an influence of these surgeries on skeletal muscle in the Sham and

SCI rats used in the current study, our prior results suggest that any effects are small relative to

those resulting from the SCI itself.

The alterations in miR expression following SCI resemble, in part, those observed after

bedrest or space flight. Following 10 days of bedrest, 15 miRs were downregulated in biopsies

from the vastus lateralis, including miR-23a and miR-206, and let-7 family members [13].

After 11 days and 19 hours in space, rat gastrocnemius muscle revealed reductions in miR-206

and trends toward decreases in miR-1 [14]. When taken together, these findings suggest that

downregulation of miR-206 may be regarded as a characteristic of immobilized muscle. A sim-

ilar pattern of dysregulation of miR-1, 133a, 133b and 206 has been reported in inflammatory

myopathies and in a cell culture system in which TNF-α reduced expression of these myomiRs

[20]. It should be noted, however, that the changes in miR expression observed after upper

motor neuron injury caused by SCI or from spaceflight are strikingly different from those

reported after severing lower motor neurons by nerve transection. As an example, miR-21 and

miR-206 are upregulated early after nerve transection [15].

Muscle atrophy after SCI develops rapidly. In rats, 40–60% of muscle mass is lost within the

first 2 weeks after SCI and muscle mass appears to decrease slowly thereafter, if at all [12, 32,

33]. Key genes involved in the early stages of muscle atrophy after SCI are likely to include

MAFbx and MuRF1, two E3 ubiquitin ligases that have been shown to accelerate atrophy in

several animal models [4, 34, 35]. In animal models, expression of these transcripts is increased

over the first one to two weeks after SCI, but returns to baseline levels at later time points [12,

32, 33]. There is evidence suggesting that reduced expression of miR-23a may exacerbate mus-

cle atrophy. Using computer-based predictions miR-23a and miR-23b were identified as the

only miRs that target both MAFbx and MuRF1 [4] and reporter gene studies confirmed

MAFbx and MuRF1 as targets [36]. Overexpression of miR-23a protected C2C12 myotubes

against glucocorticoid-induced atrophy and miR-23a transgenic mice were resistant to GC-

induced skeletal muscle atrophy [36] by inhibiting signaling through TGF-ß/Smad2/Smad3.

Several studies indicate that miR-206 plays a role in regeneration of synapses and in pro-

tecting muscle from atrophy through the downregulation of HDAC4 [37–39]. miR-206 was

found to be upregulated in muscle after nerve transection [15] or after nerve crush [40]. There

is conflicting evidence as to the role of miR-206 in denervation atrophy. In one report using

overexpression or knockdown approaches, miR-206 was observed to stimulate denervation

atrophy [15]. In contrast, injection of miR-206 in rat gastrocnemius muscle following nerve

transection attenuated atrophy via inhibition of TGF-β/Smad3 signaling [38]. Thus, the impli-

cations to muscle atrophy of the reduced levels of miR-206 observed in muscle at 56 days after

SCI remain uncertain.

miR-145 was identified as a being downregulated in skeletal muscle at 56 days after SCI.

Consistent with our findings, a global screen of miR expression changes under different mus-

cle wasting conditions found that miR-145 was downregulated after denervation or starvation

[15]. Its function in skeletal muscle is uncertain. miR-145 has been found to have roles in the

pathogenesis of many different types of cancer and to be an important modulator of smooth

muscle [41], in part through modulation of KLF4 [42]. In cardiomyocytes, miR-145 has been

shown to prevent damage induced by reactive oxygen species through protection against mito-

chondrial apoptosis [43], to protect against Ca2+ overload induced by reactive oxygen species

by targeting CaMKIIδ [44] and to block cardiomyocyte hypertrophy by targeting GATA6 [45].

Its ability to target Activin receptor IB [46] and Smad3 [47, 48] suggest that reduced levels of

miR-145 would promote muscle atrophy gene expression programs.
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One objective of our study was to identify mRNA targets of dysregulated miRs that might

contribute to muscle atrophy but had not yet been validated. The sequence alignment and

reporter gene studies support the conclusion that miR-145 binds the predicted seed sequence

within the Cited2 3’ UTR and represses translation of Cited2 protein. The physiologic impor-

tance of this activity of miR-145 in skeletal muscle is, however, unclear as nuclear and cyto-

plasmic Cited2 protein levels were not altered in muscle from SCI rats despite the reduction of

miR-145 observed after SCI. Possible explanations for these discrepant findings are that miR-

145 levels in muscle fibers are too low to influence Cited2 translation or that Cited2 protein

levels are controlled by protein turnover.

The findings confirm that Cited2 protein is expressed in skeletal muscle, presumably

within skeletal muscle as well as other cellular elements of muscle. The role(s) of Cited2 in

skeletal muscle have not been elucidated. Cited2 is a transcriptional co-regulator that,

through binding to p300, modulates the activity of many transcription factors including

HIF1 [49], Ets-1 [50], PPARα [51] and HNF4α [52]. In C2C12 cells, Cited2 overexpression

resulted in myotube sparing effects in the presence of dexamethasone through its interaction

with p300/CBP and possible inhibition of NF-κB activation, a critical driver of skeletal mus-

cle atrophy [6], suggesting a protective role of Cited2 against the catabolic effects of gluco-

corticoid [53]. In fact, Cited2 has been shown to reduce binding of NF-κB to its cognate

promoter binding sites [54] and to sensitize cells to TNFα-induced apoptosis. Cited2 is nec-

essary for cardiac [55], hepatic [52] and pulmonary [56], proper regulation of energy metab-

olism[57, 58] and cell fate decisions [59]. In addition, Cited2 was reported to increase TGF-β
induced expression of MMP9 while a knockdown of Cited2 blunted this response; in these

studies Cited2 and Smad3 were recruited to the MMP9 promoter by TGF-β treatment, sug-

gesting direct effects of Cited2 on transcriptional activity of the Smad2/3/4 complex [60].

Therefore, in skeletal muscle Cited2 may also modulate signal transduction by Smad2,

Smad3 and Smad4 downstream of myostatin. Cited2 has also been shown to play critical

roles in responses of tissues of mesenchymal origin such as fracture healing and responses of

cartilage to loading [61, 62].

In summary, we found by qPCR that 5 highly expressed miRs are downregulated by the

upper motor neuron lesion caused by SCI. The down-regulated miRs target key signaling path-

ways involved in muscle atrophy, insulin action and the insulin and IGF-1 pathways, and

TGF-ß signaling. Down-regulated miRs also suppress expression of key atrophy genes, the E3

ubiquitin ligases MAFbx and MuRF1. Downregulation of these miRs after SCI may contribute

to the chronic reduction in muscle size and insulin sensitivity of skeletal muscle.

Supporting Information

S1 Fig. A conserved, predicted miR-145 seed sequence was identified in the 3’-UTR of

mouse Cited2 mRNA. Upper panel shows a sequence alignment of the region of mouse

(Mmu) Cited2 mRNA containing the predicted miR-145 seed sequence; the seed sequence is

highlighted in light blue. Lower panel: an alignment of murine cited2 mRNA and murine

miR-145 is shown. The seed sequence within the Cited2 3’-UTR is highlighted in red.

(TIFF)

S1 Table. 87 miRs were identified in rat gastrocnemius muscle. Three worksheets are

included. (1) “NS_R_MIR_raw data”: these are the raw data obtained by the chip reader; (2)

“top-100 miR normalized data”: these are the normalized data; (3) “Selected Data”: these are

data that met filtering criteria after normalization.

(XLSX)
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S2 Table. mRNA targets for differentially regulated miRs. Validated targets for differentially

regulated miRs were identified by Ingenuity Pathways Analysis. Results of the analysis were

exported as a text file which was then imported into Microsoft Excel.

(XLSX)

S3 Table. Pathways represented by mRNA targets for differentially regulated miRs. Inge-

nuity Pathways Analysis was used to identify pathways represented by mRNA targets of differ-

entially regulated miRs. Results of the analysis were exported as a text file which was then

imported into Microsoft Excel.

(XLS)

S4 Table. Upstream mediators that regulate the mRNA targets in S3 Table including miRs.

Ingenuity Pathways analysis was used to identify the upstream mediators that regulate expres-

sion of the mRNAs listed in S3 Table that were mRNA targets for differentially regulated

miRs. Results of the analysis were exported as a text file which was then imported into Micro-

soft Excel.

(XLS)
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