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Abstract: Neuronal apoptosis is one of the prominent features involved in spinal cord injury (SCI). MicroRNAs (miR-
NAs) are small non-coding RNAs that functions in a variety of cellular processes including apoptosis. MiRNAs have
been implicated as effectors of SCI. However, role of miRNAs in SCl-associated neuronal apoptosis remains to be
investigated. A number of bioinformatics approaches have suggested Mcl-1 and BH3-only family genes as potential
downstream targets regulated by miR-20a and miR-29b, respectively. To determine whether miR-20a and miR-29b
play a role in neuronal apoptosis of SCI by regulating those genes, we transfected Neuro-2A neuroblastoma cells
with mimic and inhibitor for the two miRNAs. The miR-20a mimic decreased Mcl-1 expression and the miR-29b mim-
ic reduced the expression of Bad, Bim, Noxa and Puma. The repressor role of miR-20a and miR-29b is confirmed
by the transfection of Neuro-2A cells with their inhibitor. Moreover, miR-20a mimic or miR-29b inhibitor attenuated
Neuro-2A cell viability and co-transfection of both further diminished the viability of these cells. The in vitro effects
of miR-20a and miR-29b on neuronal apoptosis were corroborated by the in vivo studies. Injection of miR-20a mimic
or miR-29b inhibitor into the lesion of the injured spinal cord rescued the neuronal death and co-injection of both
completely abolished SCl-induced apoptosis. In conclusion, altered expression of miR-20a and miR-29b may coop-
eratively contribute to the neuronal cell death of SCI through down-regulating anti-apoptotic myeloid cell leukemia
sequence-1 (Mcl-1) and up-regulating pro-apoptotic BH3-only proteins.
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Introduction MicroRNAs are small non-coding RNAs and

capable of regulating many cellular functions

Spinal cord injury (SCI) is a common pathology
that primarily affects young and healthy indi-
viduals worldwide [1]. Studies on animal mod-
els of SCI have shown SCl-induced damages
consist of an initial mechanical damage and a
secondary injury characterized by neuronal
apoptosis in the central nervous system (CNS)
leading to expansion of the damage [2-4].
Neuronal apoptosis is mediated mainly by the
Bcl-2 family proteins including pro-apoptotic
BH3-only family members and anti-apoptotic
members such as myeloid cell leukemia
sequence-1 (Mcl-1) [5-8]. Identification of
mechanisms regulating neuron cell death in
the secondary injury will help treatment of SCI.

including neuronal cell death. For example, miR-
29b can induce apoptosis by targeting the anti-
apoptotic BCL2 family genes in cholangiocarci-
noma [9, 10]. Numerous miRNAs are present in
CNS and indispensable for the proper develop-
ment of CNS [11-13]. MiRNA are attractive can-
didates in SCI because a number of miRNAs
have been implicated in SCI including miR-20a
[14-186]. Infusion of miR-20a induced neural cell
death in spinal cord tissue and inhibition of
miR-20a in SCI animals led to neural cell sur-
vival [14].

In the present study, we examined the role of
two miRNAs, miR20a and miR-29b, in the cell
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death of a well-characterized contusion spinal
injury model [17, 18]. We also identified the
downstream target Bcl-2 family genes regulat-
ed by miR-20a and miR-29b. The involvement
of the two miRNAs in the neuronal apoptosis is
further confirmed by the in vitro model using
cultured Neuro-2A cells [19].

Materials and methods
Materials

These materials were used: anti-actin antibody
(1:5000 Sigma-Aldrich, A5441), anti-Mcl-1
antibody (1:1000 Cell signaling, 5453), anti-
Bim antibody (1:21000 Cell signaling, 2933),
anti-Noxa antibody (1:2000 Abcam, ab36833),
anti-Puma antibody (1:1000 Cell signaling,
4976), anti-cleaved caspase-3 antibody
(1:2000 Cell Signaling Technology, 9661),
miRNA mimic for negative control, miR-20a,
miR-29b (Life technologies), miRNA inhibitor for
negative control, miR-20a, miR-29b (Life tech-
nologies), Ketamine (023061, Butler Schein
Animal Health) and Xylazine (033197, Butler
Schein Animal Health).

Animals and surgery

Total of 56 adult female C57BL/6 mice weigh-
ing 21-25 g were used in this study and divided
into 8 groups (n = 7 each group: control group
of mice underwent sham surgery, injured group
underwent spinal cord injury (SCI), miR-20a
injection group was injected with miR-20a
inhibitor, miR-29b injection group was injected
with miR-29b mimic. For the injection of miR-
NAs to SCI study, 1 was injected with nonfunc-
tional siRNA, 1 with double stranded miR-20a
inhibitor, 1 with miR-29b mimic and the fourth
with the combination of both miR-20a inhibitor
and miR-29b mimic). For the contusive spinal
cord injury model: the mice were anesthetized
subjected to injection of ketamine (80 mg/kg,
i.p.) and xylazine (40 mg/kg, i.p.). Each mouse
received a laminectomy at the 10th thoracic
spinal vertebrae (T10) and then placed in a ste-
reotaxic apparatus. Adjustable forceps were
used to traumatically grasp the transverse pro-
cess. A contusive SCI was induced at T10 using
an Infinite Horizon Impactor (70 kdyn; Precision
Systems and Instrumentation, Lexington, KY).
Postoperatively, mice received prophylactic
antibiotics (1 mg/kg Gentacin, s.c.). To prevent
dehydration, mice were injected with Ringer’s
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solution (subcutaneously). All the experimental
procedures involving animals were conducted
in accordance with Institutional Animal Care
guidelines and approved ethically by the
Administration Committee of Experimental
Animals, Heilongjiang Province, China.

Injection of miRNAs to SCI mice

Total of 28 SCI mice were used and divided into
4 groups (n = 7 each group: 1 was injected with
nonfunctional siRNA, 1 with double stranded
miR-20a inhibitor, 1 with miR-29b mimic and
the fourth with the combination of both miR-
20a inhibitor and miR-29b mimic). The peptide
transduction domain double stranded RNA-
binding domain (PTD-DRBD) fusion protein
served as a carrier. Mice were anesthetized
with ketamine (80 mg/kg, i.p.) and xylazine (40
mg/kg, i.p.). 24 hours after SCI, the spinal cord
was exposed at T10, and 2 pL of (25 pmol) miR-
20a, miR-29b inhibitor, non-functional siRNA as
control, mixed with PTD-DRBD as carrier were
injected (5 pL/min) into the lesion epicenter
using a glass micropipette and stereotaxic
injector (KDS310; Muromachi Kikai, Tokyo,
Japan). The volumes and concentrations of
microRNAs were determined on the basis of
previous report and the manufacturer’s
protocol.

Cell culture and transfection

Neuro-2A neuroblastoma cells were cultured in
a medium consisting of Neurobasal-A medium
(Life technologies, 10888-022) containing
B-27 serum-free supplement (Life technolo-
gies, 17504-044), 1 mM L-glutamine (Life tech-
nologies, 25030-081), 100 U/ml penicillin and
100 pg/ml streptomycin (Life technologies,
15140-148). Transfection of miRNA mimic and/
or inhibitor was using Lipofectamine 2000
(Invitrogen, 11668-019) according to the man-
ufacturer’s protocol. The transfection was con-
firmed by real-time PCR.

RNA isolation

Total RNA was isolated as described previously
with minor modifications [20, 21]. Total RNAs of
spinal cord tissues or Neuro-2A cells were
extracted using the mirVana™ miRNA Isolation
Kit (Ambion) according to the manufacturer’s
instructions. The purified RNA was quantified
by determining the absorbance at 260 nm
using a Nanodrop ND-1000 spectrophotometer
(Infinigen Biotechnology).
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Figure 1. Spinal cord injury alters expressions of some miRNAs and apoptotic proteins. A. miR-20a and miR-29b
RNAs expression in injured groups and control groups by real-time PCR. The miRNA expression ratios between in-
jured groups and control groups were shown. B. The levels of Mcl-1, Bad, Bim, Noxa, Puma of control and injured
group were measured by Western-blot, quantified by densitometry and normalized to actin levels. Data are mean +

SEM of five experiments (n = 5). "P < 0.05 vs. control groups.

Quantitative RT-PCR detection of MiRNA ex-
pression

The procedure for RT-PCR detection of miRNA
expression has been previously described with
minor modifications [20, 21]. TagMan MicroRNA
Reverse Transcription Kit (Applied Biosystems,
Foster City, USA) was used to synthesize cDNA.
TagMan microRNA assays for miR-20a and
miR-29b (Applied Biosystems) that include spe-
cific RT primers and TagMan probes were used
to quantify the expression of mature miRNAs.
Quantitative real-time polymerase chain reac-
tion was performed with a 7500 real-time PCR
system (Applied Biosystems). The relative
expression of each miRNA was calculated using
the comparative 2-ACt method and was nor-
malized with snoRNA202.

Protein extraction and Western-blot

The procedure for immunoblotting has been
previously described with minor modifications
[13, 22]. Basically, 5 mm-long sections of con-
trol or injured spinal cord were lysed, sonicated
and lysed with lysis buffer (50 mM Tris-HCI,
150 mM NaCl, 1% Triton X-100, 1% sodium
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deoxycholate, 0.1% SDS and 100 pg/ml PMSF)
for 30 min on ice. The lysates were centrifuged
at 16,000 x g for 15 min at 4°C and the super-
natants were collected for protein analysis.
Protein concentrations were determined using
a BCA assay. Equivalent samples (40 ug protein
extract each lane) were subjected to SDS-PAGE
on 12% gel. After electrophoresis, proteins
were transferred onto PVDF membranes and
then detected by the proper primary and sec-
ondary antibodies before visualization with a
chemiluminescence kit (Invitrogen, CA, USA).

Cell viability assays

The procedure to measure cell viability has
been previously described [13]. Cell viability
was quantified using a Cell Counting kit-8 (CCK-
8; Dojindo, Kumamoto, Japan) according to the
manufacturer’s instructions. Neuro-2A cells
transfected with negative control or miRNA
mimic or inhibitor were cultured in 96-well
microplate at a density of 1 x 10% or 5 x 10*
cells/well for 24 h. After that, CCK-8 solution
(10 ul) was added to each well of the plate, and
the cells were incubated at 37°C for 1 hour. The
optical density at a wavelength of 450 nm was
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measured with an ELx800 microplate reader
(BioTek Instruments, Winooski, VT, USA).

Statistical analysis

The procedure for statistical analysis has been
described previously [13, 22]. All data were
expressed as mean = SEM of three experi-
ments. Differences among treatment groups
were tested by ANOVA. P < 0.05 was consid-
ered statistically significant. In cases in which
significant differences were detected, specific
post-hoc comparisons between treatment
groups were examined by Student-Newman-
Keul tests.

Results

Spinal cord injury altered expression of miR-
20a, miR-29b and apoptosis-related Bcl2
family genes

MiRNAs have been shown to regulate many cel-
lular functions including neuronal cell death. To
determine the role of miRNAs in SCI, we applied
RT-PCR to measure the expressions of two miR-
NAs, miR-20a and miR-29b, which were report-
ed to play important roles in CNS injuries, in
spinal cord injury samples [9, 14]. As shown in
Figure 1A, spinal cord injury increased the
expression of miR-20a but decreased the
expression of miR-29b. It is generally believed
that miRNAs exert their function through regu-
lating downstream target genes. By using three
target prediction algorithms, including miRan-
da, TargetScan, and PicTar, we found four
potential target genes of miR-29b which are
apoptosis-related Bcl-2 members, including
Bad, Bim, Noxa and Puma. We also found a
potential target gene of miR-20a, anti-apoptot-
ic protein Mcl-1. We used western blot to deter-
mine the protein level of Mcl-1, Bad, Bim, Noxa
and Puma. As shown in Figure 1B, spinal cord
injury increased the expression of pro-apoptot-
ic genes Bad, Bim, Noxa and Puma but
decreased the expression of anti-apoptotic
Mcl-1. These results suggested altered expres-
sion of those SCl-induced apoptosis-related
genes may result from mis-regulation miR-20a
and miR-29b.

miR-20a and miR-29b regulate the expression
of apoptotic proteins in vitro

To determine whether miR-20a and miR-29b
regulate those apoptosis-related genes, we
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over-expressed the two miRNAs by transfecting
their mimic into cultured Neuro-2A neuroblas-
toma cell line which is a widely used in vitro
model for neuronal cell death [19]. The
increased expression of miR-20a or miR-29b
in transfected Neuro-2A cells is confirmed by
RT-PCR as shown in Figure 2A. We observed
significant effects of miRNA transfection on
the expression of those apoptotic-related pro-
teins. As shown in Figure 2B, transfection of
miR-20a mimic decreased the expression level
of Mcl-1 whereas transfection of miR-29b
mimic decreased the expression level of Bad,
Bim, Noxa and Puma. We also transfected
inhibitor of the two miRNAs into Neuro-2A cells.
The inhibition of the two miRNAs in the trans-
fected Neuro-2A cells is also confirmed by the
RT-PCR (Figure 2C). As shown in Figure 2D,
transfection of miR-20a inhibitor increased the
expression level of Mcl-1 whereas transfection
of miR-29b inhibitor elevated the expression
levels of Bad, Bim, Noxa and Puma. These
results indicated Mcl-1 was target of miR-20a
but Bad, Bim, Noxa and Puma were targets of
miR-29b.

miR-20a and miR-29b regulate neuronal cell
death in vitro

We have showed miR-20a up-regulation and
miR-29b down-regulation in spinal cord injury
mouse model. To determine whether altered
expression of the two miRNAs played a role in
SCl-induced neuronal apoptosis, we transfect-
ed Neuro-2A cells with miR-20a mimic, miR-
29b inhibitor or the combination of both,
respectively (Figure 3A). These miRNA mimic
and inhibitor have been tested by the manufac-
turer and researchers with excellent specificity
and potency. And we observed significant
effects of miRNAs transfection on cell viabili-
ties. As shown in Figure 3B, transfection of
miR-20a mimic or miR-29b inhibitor decreased
Neuro-2A cell viability and transfection of both
miRNAs further decreased the viability of these
cells. These results indicated up-regulation of
miR-20a or down-regulation of miR-29b led to
neuron cell death; and the combination of both
cooperatively contributed to the neuronal
apoptosis.

miR-20a and miR-29b cooperatively contribute
to SCl-induced apoptosis in vivo

To determine whether the in vitro effects of
miR-20a and miR-29b on neuronal cell death

Int J Clin Exp Pathol 2015;8(4):3811-3818
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Figure 2. miR-20a and miR-29b regulate the expressions of apoptotic proteins. A. miR-20a or miR-29b mRNA ex-
pression in Neuro-2A neuroblastoma cells transfected with miR-20a or miR-29b mimic. B. Western blot detection
for Mcl-1, Bad, Bim, Noxa, Puma expression in miR-20a or miR-29b Neuro-2A neuroblastoma cells transfected with
miR-20a or miR-29b mimic. C. Neuro-2A neuroblastoma cells were transfected with miR-20a or miR-29b inhibitor.
The levels of miR-20a and miR-29b were determined by real-time PCR, and analyzed. D. Neuro-2A neuroblastoma
cells were transfected with miR-20a or miR-29b inhibitor. The expressions of Mcl-1, Bad, Bim, Noxa, Puma after
miR-20a or miR-29b transfection were measured by Western-blot, and analyzed. Data are mean + SEM of three
experiments. *P < 0.05.

A miR-20a miR-29b B
w -
- Rt E 9 . 100
E * 2 =2
i c -
§ 30 2 4.0 by #
2 2 1. &
° 20 o S
g g .5
[+ [+] —
0.5- -
£ 104 E S
ke ke
Q
& 0- & 0.0-
N O N £ N . 4
o N o 20 o < "N
& & & & & & & F£
& 2 o & o <& o
> 0 © o? &
& 2 a5 R
& & & v
& & &

Figure 3. miR-20a and miR-29b regulate neuronal cell death. A. miR-20a and miR-29b expression in Neuro-2A neu-
roblastoma cells transfected with both of miR-20a mimic and miR-29b inhibitor. The levels of miR-20a and miR-29b
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were determined by real-time PCR. B. Cell viability observation in Neuro-2A neuroblastoma cells transfected with
miR-20a mimic, miR-29b inhibitor or both of them. Cell viabilities were determined by using cell counting Kit-8. *P
< 0.05 vs. control. #P < 0.05 vs. all other groups. Data are mean + SEM of three experiments.
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Figure 4. miR-20a and miR-29b cooperatively mediates SCl-induced apoptosis in vivo. A. Real-time PCR analysis
showing the expression of miR-20a, miR-29b six days after injection of miR-20a inhibitor, miR-29b mimic or the
combination of both to the lesion of SCI. B. The levels of cleaved-caspase-3 of the injured spinal cord injected with
miR-20a inhibitor, miR-29b mimic or the combination of both measured by Western-blot, quantified by densitom-
etry and normalized to actin levels. C. The statistical expression of miR-29b and cleaved caspase-3. *P < 0.05 vs.
control. #P < 0.05 vs. all other groups. Data are mean + SEM of three experiments (n = 4).
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reflect the in vivo conditions, we injected miR-
20a inhibitor or miR-29b mimic or their combi-
nation into the lesion of the injured spinal cord.
We observed decreased expression of miR-20a
and increased expression of miR-29b until 6
days after injection (Figure 4A and 4B). The
neuronal apoptosis was examined by the
expression of active caspase-3 on western
blots (Figure 4C). The role of pro-apoptotic miR-
20a and anti-apoptotic miR-29b was confirmed
by the levels of active caspase-3 which was
decreased by miR-20a inhibitor and miR-29b
mimic. In addition, co-injection of both miR-20a
inhibitor and miR-29b mimic completely abol-
ished the expression of active caspase-3, sug-
gesting miR-20a and miR-29b may cooperative-
ly contribute to the SCl-induced neuronal
apoptosis.

Discussion

MiRNAs are short RNAs that can regulate the
translation of numerous RNAs and act as regu-
lators of many cellular functions [23]. Numerous
miRNAs are found in the nervous system and
essential for the proper development of the
CNS [13, 24, 25]. The global miRNA changes
following spinal cord injury have been investi-
gated in a number of microarray studies [15,
26]; however, there is only limited research on
the role of individual SCl-associated miRNA.

MiR-20a is one of the few miRNAs that have
been shown to mediate the response to SCI in
multiple pathways. Neurogenin-1, a transcrip-
tion factor involved in neuroprotection in trau-
matic SCI lesions, has been shown to be a tar-
get by miR-20a [14, 27]. The miR-20a-regulated
genes also include STAT3, a key mediator in the
SCl response [28, 29]. In the current study, we
showed up-regulation of miR-20a in a contu-
sion model of SCI that is consistent with the
increased expression of this miRNA in a murine
transection model of SCI [14]. We also showed
miR-20a played a role in SCl-induced neuronal
apoptosis through repression on the anti-apop-
totic Mcl-1 in vivo and in vitro. Our findings on
miR-20 may reflect a multiple functional role of
miR-20 in the response of SCI.

To our knowledge, the role of miR-29b in SCI
has not been reported. However, miR-29b has
been shown to regulate neuronal apoptosis in
other brain injuries such as ischemic stroke
[30, 31] or ethanol-intoxicated [13]. MiR-29b
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has also been reported to target Mcl-1 to regu-
late apoptosis in cholangiocarcinoma [9]. In
this study, we showed miR-29b played a repres-
sion role on apoptotic BH3-only genes including
PUMA, Noxa, Bad, Bim, but not on Mcl-1. The
different findings of the role of miR-29b on
Mcl-1 expression between our study and previ-
ous report may indicate cell-specific regulation
of this miRNA on apoptosis.

In conclusion, this study has provided the first
evidence of combinatorial effects within the
apoptosis-related Bcl-2 family member genes
that are mediated by two miRNAs, miR-20 and
miR-29b following SCI. The pathophysiological
relevance of mis-regulation of miR-20 and miR-
29b remains to be investigated and may shed a
light on the therapeutic strategies for SCI.
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