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Anti-Apoptotic Effect of MicroRNA-21
after Contusion Spinal Cord Injury in Rats
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Abstract

Multiple cellular, molecular, and biochemical changes contribute to the etiology and treatment outcome of contusion
spinal cord injury (SCI). Dysregulation of microRNAs (miRNAs) has been found following SCI in recent studies.
However, little is known about the functional significance of the unique role of miRNAs in SCI. We analyzed the
miRNA expression patterns 1 and 3 days following rat SCI using miRNA microarray. Microarray data revealed that
nine miRNAs were upregulated and five miRNAs were downregulated 1 day post-injury, and that three miRNAs were
upregulated and five miRNAs were downregulated 3 days post-injury, in the sites of contused when compared with
sham rat spinal cords. Because miR-21 was one of the miRNAs being most significantly upregulated, we investigated its
function. Knockdown of miR-21 by antagomir-21 led to attenuated recovery in hindlimb motor function, increased
lesion size, and decreased tissue sparing in rats. Compared with the negative control group, treatment with antagomir-21
significantly increased apoptosis following SCI. Pro-apoptosis genes Fas ligand (FasL), phosphatase and tensin ho-
molog (PTEN), and programmed cell death protein 4 (PDCD4) were proved to be direct targets of miR-21 in many
diseases and cell types. In vivo treatment with antagomir-21 increased the expression of FasL and PTEN, but did not
affect PDCD4. These results suggested that miR-21 played an important role in limiting secondary cell death following
SCI, and that the protective effects of miR-21 might have been the result of its regulation on pro-apoptotic genes. Thus,

miR-21 may play an important role in the pathophysiology of SCI.
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Introduction

SPINAL CORD INJURY (SCI) is one the most common and dev-
astating injuries observed in spine and neurosurgery depart-
ments. It is usually caused by motor vehicle accidents, sports
injuries, diving accidents, and violence. It can cause permanent
disabilities such as paralysis and loss of movement or sensation.
The treatment of SCI remains one of the greatest challenges for the
basic science and clinical investigators. Although many therapies
have been explored, all demonstrated limited efficacy thus far."
The celluar mechanisms associated with SCI are complex and
involve a multitude of signaling pathways and molecular dys-
functions.>* MicroRNAs (miRNAs or miRs) are endogenous, non-
coding, single-stranded RNAs consisting of ~22 nucleotides. They
can regulate hundreds of gene expression via RNA-induced si-
lencing complexes (RISC), targeting them to mRNAs where they
inhibit translation or direct destructive cleavage.* It was recently
reported that miRNAs are estimated to regulate 60% of all genes in
the human genome.” As a consequence, they may widely influence
the signaling networks leading to pathological responses after SCI.

Therefore, miRs could become attractive novel therapeutic targets
for the treatment of SCI.

Increasing evidence demonstrates that a large number of mi-
RNAs are expressed in the central nervous system (CNS).%” Some
miRNAs are involved in several neurological disorders including
traumatic CNS injuries and neurodegenerative diseases.®'* Inter-
estingly, some studies have demonstrated that miR-21 was upregu-
lated following several types of CNS injuries, such as traumatic brain
injury and brain ischemia.'”™'>  Additionally, some studies have
shown the involvement of miRs in the pathogenesis of SCI in a rat
contusion SCI model,”™"" with miR-21 emerging as one of the
most dysregulated miRs. Buller et al. observed that miR-21 over-
expression protects neurons from ischemic neuronal death by
targeting the tumor necrosis factor-o (TNF-¢) family member
Fas ligand gene (FasL), an important cell death-inducing ligand."” In
addition, some researchers found that miR-21 protects other organs
following injury.'®'” However, the effects of miR-21 on SCI are still
unknown.

In this study, we performed miRNA arrays to detect the ex-
pression patterns of miRs in a rat moderate contusion SCI model.
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We observed that miR-21 was one of the most dysregulated miRs
after SCI. First of all, we demonstrated that knockdown of miR-21
by antagomir were associated with exacerbated functional deficit,
less preservation of spinal cord tissue, and increased apoptotic cell.
As direct targets of miR-21, proapoptotic genes, FasL, PTEN, and
PDCD4 have been widely investigated in many diseases and cell
types. Knockdown of miR-21 in vivo following SCI in rats, in-
creased the expression of FasL and PTEN in the spinal cord but did
not alter the expression of PDCD4. Therefore, our findings have
implicated that miR-21 play an important role in the pathogenesis
of SCIL

Methods
Animals

Adult male Sprague-Dawley (SD) rats, weighing 180-220 g,
were provided by the Center of Experimental Animals, Central
South University. All animal care, breeding, and testing procedures
were approved by the Laboratory Animal Users Committee at
Xiangya Hospital, Central South University, Changsha, China. All
animals were housed in individual cages in a temperature- and light
cycle-controlled environment with free access to food and water.

Establishment of contusion SCI model

Rats were anesthetized with an intraperitoneal injection of 10%
chloral hydrate (3 mg/kg). A laminectomy was performed at tho-
racic vertebra level 10 (T10). Moderate contusion injury was in-
duced using a modified Allen’s weight drop apparatus (8 g weight
at a vertical height of 40 mm, 8 g x40 mm) on the exposed dura of
the spinal cord. Sham injured animals were only subjected to la-
minectomy.

Experimental design

Experiment 1: MiRNA microarray analyses and confirming
the microarray data. The miRNA expression patterns 1 and 3
days following rat SCI were analyzed using miRNA microarray.
Rats were randomly divided into four groups: sham-operated 1 day
and 3 days, SCI 1 day and 3 days, n=3 per group. Then, quanti-
tative real-time polymerase chain reaction (QRT-PCR) was per-
formed to confirm the microarray data. Rats were randomly divided
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into four groups: sham-operated 1 day and 3 days, SCI 1 day and 3
days, n=>5 per group. For miRNA microarray analysis, the sample
size was 3; while for qRT-PCR, the sample size was 5.

Experiment 2: antagomir-21 experiments. The SCI rats
were randomly divided into two groups, a negative control group
and an anatgomir-21 group. In the negative control group (n=28),
rats were subjected to SCI and treated intrathecally with negative
control antagomir (1uL/h, 20nmol/mL). In the antagomir-21
group (n=28), rats were subjected to SCI and treated intrathecally
with antagomir-21 (1 pl/h, 20nmol/mL) for 3 days. At the
scheduled time points, rats in both groups were euthanized with an
overdose of 10% chloral hydrate (10 mg/kg). Subsequently, the
spinal cord was exposed, and a 10 mm long segment of the spinal
cord centered at the injury epicenter was harvested. The time of
euthanasia was determined according to the different parameters
measured: motor function score (Basso, Beattie, and Bresnahan
[BBB]) and lesion identification by cresyl violet staining at 28
days after SCI; Western blot analysis for FasL, PDCD4, and
PTEN at 1 and 3 days after SCI; qRT-PCR analysis of miR-21 at 1
and 3 days after SCI; and immunohistochemistry staining, ter-
minal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining, and in situ hybridization at 1 and 3 days after
SCI (Table 1). The sample size selected for each group was es-
timated based on our pilot data in order to meet the power analysis
requirement.

MIRNA microarray analysis

Rats were anesthetized 1 or 3 days after surgery, and a 10 mm
long segment of spinal cord, including the injury epicenter, was
harvested and fresh-frozen in liquid nitrogen. Total RNA was
isolated using TRIzol (Invitrogen, CA) and miRNeasy mini kit
(Qiagen, West Sussex, UK) according to manufacturer’s instruc-
tions. This efficiently recovered all RNA species, including mi-
RNAs. RNA quality and quantity was measured using a nanodrop
spectrophotometer (ND-1000, Nanodrop Technologies) and RNA
integrity was determined by gel electrophoresis.

After RNA isolation from the samples, the miRCURY™ Hy3™/
Hy5™ Power labeling kit (Exiqon, Vedbaek, Denmark) was used
according to the manufacturer’s guideline for miRNA labeling.

TABLE 1. ANTAGOMIR-21 EXPERIMENTS DESIGN (DIFFERENT PARAMETERS MEASURED)

1 day

3 days

7 days 14 days 21 days 28 days

BBB (n=4)

LI

WB (FasL, PTEN and PDCD4) (n=4)
gRT-PCR (miR-21) (n=4)

ICH (PTEN & PDCD4),
TUNEL & ISH (miR-21) (n=4)

WB (FasL, PDCD4 and PTEN) (n=4)
gRT-PCR (miR-21) (n=4)

ICH (PTEN & PDCD4), TUNEL &
ISH (miR-21) (n=4)

Basso, Beattie, and Bresnahan score (BBB) for measuring hindlimb locomotor ability was repeat measured at 1, 3, 7, 14, 21, and 28 days post-injury.
After the final behavioral tests, which occurred 28 days after surgery, the animals were terminally euthanized for the measure of the lesion identification.

LI: Lesion identification by Cresyl violet staining for assessing lesion size and spared tissue following behavioral analyses.

WB: Western blot analysis for quantifying the protein level of FasL, PTEN, and PDCDA4.

qRT-PCR: Quantitative real-time polymerase chain reaction (miR-21) for determining the inhibitory effect of antagomir-21 on miR-21 in the

spinal cord.

ICH: Immunohistochemistry staining for analyzing the expression of PTEN and PDCD4.
TUNEL: terminal deoxynucleotidyl transferase dUTP nick end labeling staining for detecting apoptosis cells
ISH: In situ hybridization for determining the inhibitory effect of antagomir-21 on miR-21 in the spinal cord.
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One microgram of each sample was 3’-end-labeled with Hy3™

fluorescent label, using T4 RNA ligase according to the following
procedure: RNA in 2.0 uL. of water was combined with 1.0 uL. of
CIP buffer and CIP (Exiqon, Vedbaek, Denmark). The mixture was
incubated for 30 min at 37°C, and was terminated by incubation for
5 min at 95°C. Then, 3.0 uL of labeling buffer, 1.5 uL of fluorescent
label (Hy3™), 2.0 uL of dimethyl sulfoxide (DMSO), and 2.0 uL
of labeling enzyme were added into the mixture. The labeling re-
action was incubated for 1 h at 16°C, and terminated by incubation
for 15 min at 65°C.

After stopping the labeling procedure, the Hy3™-labeled sam-
ples were hybridized on the miRCURY™ LNA Array (v.16.0)
(Exiqon) according to the manufacturer’s instruction. The total
25 uL mixture from Hy3™-labeled samples with 25 uL hybrid-
ization buffer was first denatured for 2 min at 95°C, incubated on
ice for 2 min, and then hybridized to the microarray for 16-20h at
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56°C in a 12-Bay Hybridization System (Nimblegen Systems, Inc.,
Madison, WI), which provided an active mixing action and con-
stant incubation temperature to improve hybridization uniformity
and enhance signal. Following hybridization, the slides were re-
trieved, washed several times using Wash buffer kit (Exiqon), and
finally dried by centrifugation for 5 min at 400 rpm. Then, the slides
were scanned using the Axon GenePix 4000B microarray scanner
(Axon Instruments, Foster City, CA).

Scanned images were then imported into GenePix Pro 6.0 soft-
ware (Axon) for grid alignment and data extraction. Replicated
miRNAs were averaged and miRNAs with intensities =50 in all
samples were chosen for calculating a normalization factor. Ex-
pressed data were normalized using median normalization. After
normalization, miRNAs that had significant differential expression
were identified through Volcano Plot filtering. Hierarchical clus-
tering was performed using MEV software (v4.6, TIGR).
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FIG. 1.

4.0

Hierarchical cluster analyses of altered microRNAs (miRNAs) after spinal cord injury (SCI). Differentially expressed

miRNAs in the sham and SCI group, 1 day post-injury (n=3/group) (A). Differentially expressed miRNAs in sham and SCI group 3 days
post-injury (n=3/group) (B). The color code in the heat maps is linear, with green as the lowest and red as the highest. The miRNAs that
were upregulated were shown in green to red, whereas the miRNAs that were downregulated were shown from red to green.
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TABLE 2. MICRORNAS (MIRNAS) DIFFERENTIALLY EXPRESSED IN SCI COMPARED WITH SHAM GROUP
AT 1 DAY PosT-INJURY (N=3/GRrROUP)
Intensities averaged over probes (normalized) Standard deviation
miRNA SCI-1d Sham-1d SCI-1d Sham-1d Fold changes p values
upregulated
miR-760-5p 0.112 0.017 0.324 0.454 6.56 0.0114
miR-463 0.429 0.097 0.329 0.423 4.43 0.0173
miR-291b 0.087 0.025 0.184 0.456 3.39 0.0058
miR-336 0.101 0.030 0.407 0.452 3.37 0.0469
miR-473b 1.106 0.493 0.219 0.181 2.24 0.0146
miR-539% 0.962 0.482 0.269 0.308 2.00 0.0497
miR-425% 0.134 0.070 0.205 0.055 1.90 0.0165
miR-134* 1.372 0.720 0.283 0.103 1.90 0.0460
miR-1188-3p 1.719 0.959 0.257 0.079 1.79 0.0427
miR-21 1.448 1.213 0.488 0.430 1.19 0.667
downregulated
miR-363* 0.168 0.418 0.153 0.301 0.40 0.0279
Let-7b 4.796 8.541 0.330 0.108 0.56 0.0240
miR-708 0.809 1.315 0.224 0.087 0.62 0.0151
miR-125b-3p 0.095 0.153 0.106 0.029 0.62 0.0008
miR-210 0.225 0.349 0.206 0.108 0.64 0.0229
miR-126 5.374 8.491 0.783 0.292 0.63 0.331
miR-24 3.864 5.056 0.746 0.085 0.76 0.518

Only fold changes that were significantly different (fold changes >1.5 and p <0.05) are provided.

SCI, spinal cord injury.

*An miRNA expressed at low levels relative to the miRNA in the opposite arm of a hairpin.

Intrathecal injection of antagomir-21 and negative
control antagomir

The catheter and minipump implantation surgery were performed
immediately after the SCI was performed. In brief, antagomir-21
(Ribobio, Guangzhou, China) or negative control antagomir (Ribo-
bio, Guangzhou, China) was dissolved in saline (0.9%) at a con-
centration of 20 nmol/mL. They were filled into osmotic minipumps
(model 1030D, Alzet, CA) and continuously infused into the spinal
cords of SCI rats at a rate of 1 uL/h, as previously described.”® A
partial laminectomy at T12/T13 was made for the placement of an
intrathecal catheter. A small incision in the dura at the T12/T13
laminectomy was made with the point of a hypodermic needle. A

32-gauge catheter (cat. no. CS132G, lot no. 20422; ReCathCo, LLC,
Allison Park, PA) was inserted through the dural incision and fed
rostrally to lie immediately caudal to the T10 laminectomy. This
catheter was connected to a 2 cm piece of PE10 tubing (ReCathCo®©,
LLC, Allison Park, PA), which was, in turn, connected to the osmotic
minipump using a 4cm piece of PES0 tubing. The catheter was
secured with 4/0 silk threads to the bone and muscle. Osmotic
minipumps were implanted subcutaneously. Muscles and the inci-
sion were sutured using 4/0 silk threads. In each rat, penicillin G
(40,000 U, i.m.) was injected into the quadriceps femoris muscle
during the surgery, and then once a day in both hindlimbs for 5 days.
The entire surgery was performed in a warm environment. Finally,
the rats were housed in cages and given free access to food and water.

TABLE 3. MICRORNAs (MIRNAs) DIFFERENTIALLY EXPRESSED IN SCI COMPARED WITH SHAM GROUP
AT 3 DAYS PosT-INJURY (N=3/GRrROUP)

Intensities averaged over probes (normalized)

Standard deviation

miRNA SCI-3d Sham-3d SCI-3d Sham-3d Fold changes p values
upregulated

miR-3591 0.116 0.031 0.347 0.469 3.71 0.0265
miR-21 2.266 0.677 0.129 0.185 3.35 0.0009
miR-17-5p 0.876 0.568 0.037 0.181 1.54 0.0078
downregulated

miR-126 3.777 9.160 0.791 0.061 0.41 0.0374
miR-410 0.264 0.529 0.441 0.206 0.50 0.0454
miR-24 4.064 7.740 0.363 0.144 0.53 0.0263
miR-27b 2.669 4.727 0.290 0.188 0.56 0.0390
miR-99a 1.838 2.974 0.353 0.070 0.62 0.0447
let-7b 5.117 6.582 0.131 0.214 0.78 0.179

Only fold changes that were significantly different (fold changes >1.5 and p<0.05) are provided.

SCI, spinal cord injury.
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Distended bladders were emptied by manual massage on the lower
abdomen twice a day until voluntary emptying returned.

BBB score

Locomotor activity was evaluated at 1, 3, 7, 14, 21, and 28 days
post-injury using the BBB score, which measured locomotor ability
for 4min. Two independent and well-trained investigators ob-
served the movement and scored the locomotor function according
to the BBB scales as described previously.'® Investigators were
blind to the treatment. The final score of each animal was obtained
by averaging the values from both investigators.

Lesion identification by cresyl violet staining

After the final behavioral tests, which occurred 28 days after
surgery, the animals were terminally anesthetized using an intra-
peritoneal injection of 10% chloral hydrate (10 mg/kg). Subse-
quently they were transcardially perfused with 250 mL of 0.9% NaCl
(4°C) followed by 500 mL of 4% paraformaldehyde (PFA) (4°C) in
0.1IM phosphate buffer saline (PBS, pH 7.4). A 1cm segment of
spinal cord including the injury epicenter was dissected and post-
fixed in the same fixative for 24 h at 4°C. After fixation, the tissue
blocks were embedded in paraffin. Transverse sections (10 um
thickness) were taken through the width of the spinal lesion site, and
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put onto Superfrost Plus Slides. Every 40th section of the lesion site
sample was stained with 0.5% cresyl-violet acetate and imaged using
a microscope (BH-2; Olympus, NY). Using Image-Pro Plus 6.0
(Media Cybernetics, USA) software, the lesion area and spared tis-
sue area were outlined and quantified. Spared tissue was defined as
the remaining areas where the normal anatomical structure of the
spinal cord was preserved. The section with the lowest percentage of
spared tissue was assigned as the injury epicenter. Transverse sec-
tions, with an interval of 400 um rostral and caudal to this lesion
epicenter, were analyzed up to a distance of 1600 yum away from the
lesion epicenter for percentage tissue sparing.

Quantitative real-time RT-PCR

Total RNA from 10mm long spinal cord segments containing
the injury epicenter was extracted with TRIzol (Invitrogen, CA)
according to manufacturer’s instructions. Total RNA from each
sample was reverse-transcribed to cDNA using the PrimeScript RT
reagent Kit (TaKaRa, Tokyo, Japan) and qRT-PCR was performed
using the SYBR Premix Ex Taq (TaKaRa, Tokyo, Japan) and
miRNA-specific primers for miR-21 (Ribobio, Guangzhou, China).
The relative microRNA levels were normalized to U6 expression
for each sample. Analyses of gene expression was performed by the
24 A€ method.
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FIG. 2. Quantitative real-time polymerase chain reaction (QRT-PCR) analysis confirming the microarray analyses of four microRNAs
(miRNAs) 1 and 3 days after spinal cord injury (SCI). Relative expression indicates changes compared with the sham group at either 1
or 3 days after SCI. Bars represent means+SEM. *p <0.05; **p<0.01.
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FIG. 3. Angatomir-21 inhibits miR-21 expression in vivo fol-
lowing spinal cord injury (SCI). The expression of miR-21 was
measured by in situ hybridization and quantitative real-time
polymerase chain reaction (QRT-PCR) 1 and 3 days after SCL
miR-21 was localized in the nuclei of many cells following SCI
(arrows). Compared with the negative control group, antagomir-
21 significantly reduced the number of miR-21 positive cells 1 (A,
D) and 3 days (B, D) following SCI. In agreement with in situ
hybridization results, qRT-PCR also revealed that miR-21 ex-
pression was significantly lower at days 1 and 3 in RNA samples
isolated from rats treated with antagomir-21 when compared with
the negative control group (C). n=4/group/time point. Bars rep-
resent means £ SEM. *p<0.05; **p <0.01. Scale bar=50 um.

Western blot

Rats (n=4) were euthanized with an overdose of 10% chloral
hydrate (10 mg/kg) for the 1 and 3 days post-injury groups. A 1 cm
long segment of spinal cord encompassing the injury site was then
harvested for Western blot analyses. The harvested tissues were
lysed, and their protein concentrations were determined using a
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FIG. 4. Inhibition of miR-21 exacerbated the functional deficit
following spinal cord injury (SCI). Hindlimb recovery was as-
sessed from day 1 to day 28 after SCI using Basso, Beattie, and
Bresnahan (BBB) Score. Hindlimb dysfunction was exacerbated
with treatment of antagomir-21 (n=4) when compared with
negative control group (n=4). Bars represent meanstSEM.
*p<0.05; **p<0.01.

BCA protein assay kit (Beyotime, Shanghai, China). Samples
(30 ug of protein) were electrophoresed onto a 12% sodium do-
decyl sulfate/polyacrylamide gel (SDS/PAGE), and transferred to
PVDF membranes (Millipore, Mississauga, Canada). The mem-
branes were blocked in 5% nonfat milk for 1 h at room temperature
(RT). The membranes were then incubated overnight at 4°C with
rabbit anti-FasL. Polyclonal antibody (1:2000; Santa Cruz, CA),
rabbit anti-PTEN Polyclonal antibody (1:500, Bioworld Technol-
ogy, Louis Park, MN) and rabbit anti-PDCD4 Polyclonal antibody
(1:2000, Proteintech, Chicago, IL), followed by horseradish per-
oxidase (HRP)-conjugated secondary antibody (1:10000) for 1 h at
RT. Proteins were visualized by enhanced chemiluminescence.
Relative intensities were determined with Quantity One 4.6.2
software (Bio-Rad, USA) and ff-actin was used as the internal
control. Data were given as mean £ SD of the percentage ratio of the
control.

Immunohistochemistry staining

Animals were euthanized 1 and 3 days after injury (n =4 for each
group). Briefly, the rats were intracardially perfused with saline
followed by ice-cold 4% PFA. A 10 mm segment of spinal cord
encompassing the injury site was then harvested. After fixation, the
tissue blocks were embedded in paraffin, and sectioned at 5 um
thickness. Paraffin-embedded sections were deparaffinized with
xylene and hydrated through graded alcohols. Epitope unmasking
was performed by microwave irradiation in 10 mM citrate buffer
(pH 6.0) twice for 5min at 800 W prior to cooling for 30 min.
Subsequently, endogenous peroxidase was inactivated by incuba-
tion in 3% H,0, for 15 min at RT. After rinsing with 0.01 M PBS,
the sections were blocked with bovine serum (10%) in PBS for
30min and then incubated overnight at 4°C with primary anti-
bodies: rabbit anti-FasL. Polyclonal antibody (1:200), rabbit anti-
PTEN Polyclonal antibody (1:100) and rabbit anti-PDCD4
Polyclonal antibody (1:100). Subsequently, the sections were in-
cubated with secondary antibodies (anti-rabbit IgG antibodies).
Finally, the immunoreactivity was visualized by staining with
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diaminobenzidine (DAB) for 3 min, covered with a cover-slip, and
analyzed under a light microscope.

TUNEL Staining

Slides, prepared as described, were used for neuronal cell apo-
ptosis analysis. Briefly, TUNEL staining was performed using the
DeadEnd™ Colorimetric TUNEL System (Promega, USA). Ac-
cording to standard protocols, sections were de-waxed in xylene,
rehydrated in graded alcohols, and placed in dH,O. Then, these
sections were incubated in a 20 ug/ml proteinase K working solu-
tion for 15 min at RT. The slides were rinsed three times with PBS
before being incubated in TUNEL reaction mixture for 1 h at 37°C.
After rinsing with PBS three times for 5 min, sections were incu-
bated with HRP-streptavidin reagent (1:200) in PBS for 30 min at
RT. Sections were rinsed in PBS three times for 5 min each, and
then incubated with 0.04% DAB and 0.03% H,O, solution for
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10 min. After rinsing with PBS three times for 5 min, sections were
counterstained with hematoxylin. Then, sections were rinsed in
distilled water two times for 5 min each, and cover-slipped with
mounting medium. The number of TUNEL positive cells was
counted. Each section was counted independently by two observers
using a light microscope (%200 magnification). The quantitation
method for estimating cells apoptosis after injury was as follows: 1)
two spinal cord cross-sections for each animal were randomly se-
lected for counting; 2) cell profiles were counted manually from the
digital images in five randomly chosen fields for each section; and
3) the number of positive cells in each visual field and the ratio of
positive cells were calculated.

In situ hybridization

Slides, prepared as described, were used for in sifu hybridization.
Briefly, sections were de-waxed in xylene, rehydrated in graded
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Inhibition of miR-21 aggravates tissue damage in injured spinal cord. Cresyl violet stained sections were analyzed for lesion

size and spared tissue 28 days post-injury. Representative micrographs of spared tissue and lesion size in the injury site, and in spinal
segments 1600 pum rostral and caudal to the injury, 28 days post-injury (A). Quantification of spared tissue within the injury site, and
1600 um rostral and caudal to the epicenter, 28 days post-injury (B). Quantification of lesion size within the injury site, and 1600 um
rostral and caudal to the epicenter, 28 days post-injury (C). Antagomir-21 (n=4) treated rats were compared to negative control rats
(n=4). Bars represent means+ SEM. *p <0.05; **p <0.01. Scale bar=1mm.
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alcohols, and placed in diethyl pyrocarbonate (DEPC) H,O. En-
dogenous peroxidase was inactivated by incubation in 3% H,0, for
15 min at RT. Sections were then digested in proteinase K (20 ug/
ml) for 20 min, rinsed in NaCl/Tris, and then fixed in 4% PFA for
10 min. Following this, slides were rinsed with PBS twice for 5 min.
Slices were blocked at RT for 2h in hybridization buffer (50%
formamide, 25% 5 xsaline sodium citrate (SSC), 10% 5 X Den-
hardt’s and 15% DEPC-H,O containing 200 ng/mL yeast RNA,
500 g/mL salmon sperm DNA and 20 mg/mL Roche blocking re-
agent), and then hybridized with 30 nmol of locked nucleic acid
(LNA)-modified oligonucleotide probe (Exiqon, Woburn, MA)
complementary to Rattus norvegicus (rno)-miR-21 and labeled
with digoxigenin (DIG) at 52°C overnight. After hybridization, the
slides were washed in 2 X SSC twice at 37°C for 15 min followed by
a wash in 0.5xSSC (15min at 37°C), and 0.2xSSC (15 min at
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37°C). The slides were then incubated with HRP-
conjugated anti-DIG antibody. Sections were rinsed in PBS three
times for 5 min, and peroxidase staining was visualized with DAB
for 3 min. After rinsing with PBS three times for 5 min, sections
were counterstained with hematoxylin. The quantitation method for
estimating positive cells after injury was as follows: 1) two spinal
cord cross-sections for each animal were randomly selected for
counting; 2) cell profiles were counted manually from the digital
images in five randomly selected fields for each section; and 3) the
number of positive cells in each visual field were calculated.

Statistical analysis

All data were analyzed using SPSS 17.0 statistical software. For
comparisons of BBB scores, repeated-measures analysis of
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FIG. 6. Reduced mir-21 expression increases apoptotic cell death following spinal cord injury (SCI). Terminal deoxynucleotidyl
transferase dUTP nick end labeling (TUNEL) staining was used to analyze neuronal apoptosis (arrow) after SCI. Representative
microscopy images of spinal cord sections taken 1 (A) and 3 days (B) post-injury in negative control and antagomir-21 groups,
respectively. The antagomir-21 group at 3 days after SCI (n=4) had a higher proportion of TUNEL-positive cells than did the negative
control group (n=4) (C). Bars represent means+ SEM. *p <0.05. Scale bar=50 um.
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variance (ANOVA) followed by Bonferroni post-hoc corrections
were performed. Other data were tested using the independent
Student’s ¢ test. All data were presented as mean+ SEM, and the
significance level was set at p <0.05.

Results
Aberrant expression of miRNAs in injured spinal cord

To determine the potential involvement of miRNAs in SCI, we
used microarray analysis to determine miRNA levels in spinal cord
after contusion SCI. Our data revealed that compared with the sham
1 day group, nine miRNAs were upregulated and five miRNAs
were downregulated in the SCI 1 day group (Fig. 1A; Table 2);
compared with sham 3 day group, three miRNAs were upregulated
and five miRNAs were downregulated in the SCI 3 day group (Fig.
1B; Table 3). Four of the miRNAs that were abnormally expressed
(Let-7b, miR-126, miR-24 and miR-21) were further confirmed by
qRT-PCR (Fig. 2). Among them, miR-21 has been shown to have a
protective effect in many injury models;'*~'® therefore, we focused
on miR-21 in SCI for further study.

Angatomir-21 successfully inhibited miR-21
expression in vivo after SCI

To determine the inhibitory effect of antagomir-21 on miR-21 in
the spinal cord in vivo, in situ hybridization using LNA-containing
antisense oligonucleotide probes and qRT-PCR were performed.
As shown in Figure 3, miR-21 was localized in the nuclei of several
cells, in comparison with the negative control group. Antagomir-21
significantly reduced the number of miR-21 positive cells at day 1
and day 3 (Fig. 3A, B, and D). In agreement with in sifu hybrid-
ization results, qRT-PCR also revealed that miR-21 expression was
significantly lower at day 1 and day 3 (0.638 £0.132-fold, p <0.05,
n=4/group; 0.336+0.099 fold, p<0.01, n=4/group respectively)
in RNA samples isolated from rats treated with antagomir-21 when
compared with the negative control group (Fig. 3C).

Inhibition of miR-21 exacerbated the functional
deficit induced by SCI

After SCI, all rats were paralyzed in both hindlimbs. A sponta-
neous functional recovery after SCI in both groups was observed. As
shown in Figure 4, hindlimb locomotor activity improved gradually
during the evaluation period, as demonstrated by the increase in BBB
scores in both groups. Compared with the negative control group,
recovery was significantly attenuated in the antagomir-21 group
from day 14 after the injury (day 14, p<0.05; days 21 and 28,
p<0.01). Four weeks after SCI, the BBB average scores were
8.5+£0.913 and 11£0.577 in the antagomir-21 and negative control
groups, respectively (Fig. 4, p<0.01), indicating that antagomir-21
treatment exacerbated the movement of rats with SCIL.

Inhibition of miR-21 aggravated tissue damage
in the injured spinal cord

Cresyl violet staining was used to assess lesion size and spared
tissue following behavioral analyses, at 28 days post-injury (n=4/
group) (Fig. 5). Sections of thoracic spinal cord were analyzed and
the ratio for ‘‘injured area/total area’’ from each section determined
(Fig. 5A). The lesion was larger in antagomir-21-treated rats not
only at the injury epicenter (Fig. 5C), but also in regions extending
away from the epicenter, in both rostral and caudal directions.
Compared with the negative control group, antagomir-21-treated
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rats had significantly smaller spared tissue areas at multiple dis-
tances from the lesion epicenter, both in rostral and caudal direc-
tions (Fig. 5B).

Reduced mir-21 expression increased apoptotic
cell after SCI

The effect of miR-21 on apoptotic cell after SCI was analyzed by
TUNEL staining. Quantification of apoptosis was performed 1 and
3 days post-injury (n =4/group/time). Most of the TUNEL-positive
stained cells were found within the gray matter, although some
were present in the neighboring white matter. A higher number of
positive stained cells were observed at day 3 after injury in both
groups. Compared with the negative control group, there were
significantly more TUNEL-positive cells in the antagomir-21 group
at day 3 after SCI (Fig. 6).

Inhibition of miR-21 increased FasL and PTEN expression
in vivo, but did not alter the expression of PDCD4

FasL, PTEN, and PDCD4 were validated as targets of miR-21.
Therefore, we selected these as target genes that may be modulated
by miR-21 in vivo. Protein level of FasL. was quantified using
Western blot. Compared with the negative control, treatment with
antagomir-21 significantly increased FasL expression at day 3 (Fig.
7), but the expression of FasL was similar in both groups at day 1
(Fig. 7) . Similarly, treatment with antagomir-21 increased PTEN
expression compared with the negative control group at day 3 (Fig.
8C and D), but had no significant effect at day 1 in either group (Fig.
8C and D). In the immunohistochemistry staining results, PTEN was
located in the cytoplasm, and PTEN was overexpressed after an-
tagomir-21 treatment at day 3, but similar in both groups at day 1
(Fig. 8A and B), which was in agreement with Western blot data.
PDCDA4 is one of most analyzed miR-21 targets, but Western blot
results showed that treatment with antagomir-21 had no effect on
PDCDA4 protein level following SCI (Fig. 9C and D). In the immu-
nohistochemistry staining results, PDCD4 was located in the
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FIG. 7. Inhibition of miR-21 increased the expression of Fas
ligand gene (FasL). The expression of FasL after SCI was detected
by Western blot (A) in samples collected from antagomir-21 rats
and negative control rats (n=4 per time point, respectively), and
the intensity of each band was estimated by densitometric analysis
(B). Compared with the negative control, treatment with antag-
omir-21 significantly increased FasL expression at day 3, but the
expression of FasL was similar in both groups at day 1 (B). Bars
represent means = SEM. **p <0.01.
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FIG. 8. Inhibition of miR-21 increases the expression of phos-
phatase and tensin homolog (PTEN). The expression of PTEN
after SCI was detected by immunohistochemistry staining (A, B)
in spinal cord collected from each group (antagomir-21, n=4;
negative control, n=4). PTEN was localized in the cytoplasm of
neurons (A, B; arrows). The staining was similar in both groups at
day 1 (A). Antagomir-21 treatment resulted in deeper staining
compared with the negative control group at day 3 (B). The ex-
pression of PTEN protein after SCI was detected by Western blot
in the sample from each group (n=4 per group per time point) (C,
1), and the intensity of each band was estimated by densitometric
analysis (C, D). Treated with antagomir-21 increased PTEN ex-
pression compared with the negative control group at day 3 (C,
D), but had no significant effect at day 1 in either group (C, D).
Bars represent means + SEM. *p <0.05. Scale bar =50 um.

cytoplasm, and PDCD4 expression was similar in both groups at day
1 and day 3, which was in agreement with Western blot data.

Discussion

SCI induces widespread molecular and biochemical changes,
including altered mRNA and protein expression, inflammatory
activation, production of free radicals, axonal plasticity, and neu-
ronal cell death.?>*! Many studies have been performed to advance
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FIG. 9. Inhibition of miR-21 has no affect on the expression of
PDCD4. The expression of PDCD4 after spinal cord injury (SCI)
was detected by immunohistochemistry staining (A, B) in spinal
cord collected from each group (antagomir-21, n=4 per time
point; negative control, n=4 per time point). PDCD4 was local-
ized in the cytoplasm of various cells (A, B; arrows). The staining
was similar in both groups at day 1 (A) and day 3 (B). The
expression of PDCD4 protein after SCI was detected by Western
blot in the sample from each group (n=4 per group per time point)
(C, D), and the intensity of each band was estimated by densito-
metric analysis (C, D). Treatment with antagomir-21 had no effect
on PDCD4 protein level following SCI (C, D). Bars represent
means £ SEM. Scale bar=100 um.

our understanding of the changes in mRNA and protein expression
following SCI, as well as to explain how these changes relate to SCI
pathophysiology. Recently, studies showed that individual mi-
RNAs can regulate hundreds of genes simultaneously by targeting
RISCs to mRNAs where they acted to inhibit translation or direct
destructive cleavage.”? Therefore, altering the expression of mi-
RNAs may greatly affect SCI pathophysiology and functional
outcome. By using miRNA microarray analyses, we found some
miRNAs that had altered expression after SCI, and the expression
of four of them (miR-21, —126, —24 and let-7b) were further
confirmed by qRT-PCR analysis.

It should be noted that several other studies have demonstrated
aberrant expression of miR-21 in many injury models. For
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example, in the rat cerebral cortex, microarray analyses demon-
strated that the levels of many miRNAs were altered at several time
points (672 h) after traumatic brain injury, and that miR-21 was
upregulated at all times.'? Similarly, Redell et al. reported that the
expressions of many miRNAs were altered in the hippocampus
after traumatic brain injury, and miR-21 expression was signifi-
cantly upregulated in the hippocampus with expression levels
peaking 3 days post-injury, and returned to near normal levels 15
days post-injury.?® After middle cerebral artery occlusion of rats,
Buller et al. observed that miR-21 levels increased approximately
threefold in neurons isolated from the ischemic boundary zone,
when compared with homologous contralateral neurons, at both 2
and 7 days after injury.'> miR-21 was significantly downregulated
in infarcted areas, but was upregulated in border areas following
acute myocardial infarction (AMI)."” Recently, several studies
demonstrated that miR-21 was upregulated following contusion
SCI,Q’ll similar to our results demonstrating that miR-21 was one
of the aberrantly expressed miRs after SCI.

MiR-21 has been shown to be a strong anti-apoptotic factor.
Knockdown of miR-21 in cultured glioblastoma cells triggered
activation of caspases, and led to increased apoptotic cell death.?*
In a cardiac cell injury model, Cheng et al. found that H,O,-induced
cardiac cell death and apoptosis were increased by an miR-21 in-
hibitor, and was decreased by pre-miR-21, indicating that miR-21
functions to attenuate apoptosis during cardiac cell injury.'® In vivo,
overexpression of miR-21 decreased myocardial infarct size and
decreased the dimension of left ventricles after AML.'” In this study,
we found that miR-21 was significantly upregulated 3 days post-
injury, and that inhibition of miR-21 expression exacerbated the
functional deficit, aggravated tissue damage, and increased apoptotic
cell death induced by SCI. These results indicate that miR-21 has a
protection effect in SCI by inhibiting neuronal cell death.

MiR-21 exerted its anti-apoptotic effect by targeting pro-
apoptotic genes. FasL, a member of the TNF-o family of ligand,
was one of validated targets of miR-21. miR-21 was shown to
reduce the death of ischemic cortical neurons by downregulating
FasL.'> Overexpression of miR-21 in transgenic mouse heart in-
hibited ischemia-induced upregulation of FasL expression, limited
infarct size, attenuated apoptosis, and ameliorated heart failure.?
In a variety of neurological disorders (including SCI), FasL. was
elevated.”’~2° FasL had been shown to play an important role in
apoptotic cell death following SCL?"**7° Our data showed that
inhibition of miR-21 expression in vivo upregulated the FasL ex-
pression. It has been demonstrated that miR-21 played an anti-
apoptotic role by targeting FasL following SCI.

PTEN is another direct target of miR-21. MiR-21-mediated
regulation of PTEN expression had been shown in several cell
types.>’ > Moreover, PTEN deletion promoted compensatory
sprouting of uninjured corticospinal tract (CST) axons, enabled
successful regeneration of a cohort of injured CST axons past the
spinal cord lesion after SCI** and enhanced neural survival.>>*
Our results showed that inhibiting the expression of miR-21 in-
creased the PTEN expression, and induced a larger lesion size with
less spared tissue. These findings indicated that miR-21 might
promote neurogenesis and enhance neural survival by targeting
PTEN following SCI.

PDCD#4 is currently one of the most widely studied miR-21
targets. PDCD4 is a tumor suppressor that is downregulated in
many forms of cancer, and upregulated during apoptosis.®>’—’
PDCD4 was identified as a direct miR-21 target in multiple cell
types and diseases. Studies showed increased PDCD4 expression
following miR-21 inhibition in vitro, as well as direct miR-21
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binding to the 3’ region of PDCD4 mRNA.** Negative regulation
of PDCD4 by miR-21 contributed to its protective effect against
ischemia/reperfusion injury in the heart.'® Delayed ischemic
preconditioning-regulated miR-21 protected kidney against is-
chemia/reperfusion injury via anti-apoptosis through its target
PDCD4.*' However, in our study we found that expression of
PDCD4 was not altered by inhibiting the miR-21 expression. This
suggests that although a miRNA may have hundreds of putative
mRNA targets, the regulation may depend upon tissue- or cell-
specificity.

Conclusion

In conclusion, miRNA signatures after SCI have revealed that
multiple miRs are aberrantly expressed. Among them, miR-21
dysregulation contributes to SCI. Knockdown of miR-21 in vivo
exacerbates the functional deficit, aggravates tissue damage, and
increases apoptotic cell death in rats following SCI. Moreover,
miR-21 most likely exerts its anti-apoptotic effect by targeting pro-
apoptotic genes FasL and PTEN. These results suggest that miR-21
may play an important role in the pathophysiology of SCI. MiRNAs
are highly promiscuous regulators with a cumulative impact on
dozens to hundreds of gene targets; therefore, the exact role of miR-
21 in SCI needs to be explored.
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