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Neuregulin-1 impacting bone marrow mesenchymal
stem cell migration is conducive to functional
recovery following spinal cord injury
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Abstract. The present study was designed to investigate the effect
of neuregulin-1 (NRG1) on the migration of rat bone marrow
mesenchymal stem cells (BMSCs) and evaluate the role of NRG1
in the functional recovery following spinal cord injury (SCI).
Firstly, the effect of NRG1 on the mRNA expression of Snail in
the BMSCs was detected by reverse transcription-quantitative
polymerase chain reaction (RT-qPCR) analysis; secondly, the
BMSCs were transfected with a Snail-overexpression plasmid
(pBabe-puro-Snail) and the expression levels of Snail and matrix
metalloptoreinase-2 (MMP-2) were detected by RT-qPCR and
western blot analyses; thirdly, the cell proliferation and migra-
tion of BMSCs modified with pBabe-puro-Snail were detected
by methyl thiazolyl tetrazolium and migration assays, respec-
tively; finally, functional recovery of SCI was assessed using the
Basso, Beattie, and Bresnahan rating scales. The results showed
that NRGI concentration-dependently promoted the expression
of Snail with a peak at 40 ng/ml and 48 h; NRGI enhanced
the promoting effect of Snail on the expression of MMP-2; the
overexpression of Snail did not enhance the cell growth of the
BMSCs. The NRGI-modified BMSCs promoted the functional
recovery of SCI. These results suggested that NRG1 signifi-
cantly promoted the expression of MMP-2 by upregulating the
expression of Snail, and enhanced cell migration of the BMSCs
conducive to the functional recovery of SCI.

Introduction

Spinal cord injury (SCI) can lead to permanent neurological
deficits, including motor and sensory impairments, with high
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physical disability and mortality rates. It can lead to serious
damage to patients' physical and mental health, and cause
severe social problems and economic burden (1). Although
there are currently no effective therapies for the treatment
of SCI, various types of stem cells, including embryonic,
fetal and adult stem cells, have been widely used in cellular
transplantation therapies for SCI, attracting increasing
attention due to their satisfactory pre-clinical therapeutic
effects (2). Among them, bone marrow mesenchymal stem
cells (BMSCs) have emerged as one of the most promising
types of stem cells due to their favorable ethical and safety
profiles (3). Various studies have suggested that BMSCs
transplanted directly into the lesion can promote axonal
regeneration and contribute to motor and sensory improve-
ment following SCI (4). The underlying mechanisms may
include the differentiation of BMSCs toward neuronal cells
for improving structural and functional repair of SCI and the
secretion of various neurotrophic cytokines stimulating nerve
growth, including brain-derived neurotrophic factor, nerve
growth factor, vascular endothelial growth factor, fibroblast
growth factor, hepatocyte growth factor, insulin-like growth
factor and stem cell-derived factor (5,6).

Neuregulins (NRGs) comprise a large family of widely
expressed epidermal growth factor (EGF)-like proteins
which are essential in neural development and brain activity
homeostasis (7). Four NRG genes (NRGI-4) and 30 NRG
isoforms have been reported previously (8). The NRGI
gene isoforms are composed of three types and the NRG1
type I isoform, also known as heregulin (HRG, 44 kDa)
containing an Ig-like region and a glycosylation-rich segment,
is predominantly expressed in the nervous system due to
its acetylcholine receptor-inducing activity (9). HRG can
promote the survival of neurons, glial cells (10,11), epithelial
cells (12), cardiomyocytes (13,14) and other cell types (15)
binding with ErbB tyrosine kinase transmembrane recep-
tors, including ErbBI/EGFR (16), ErbB2/neu (17), ErbB3 (18)
and ErbB4 (19). The NRG/ErbB3/4 signaling pathway is
important in the regulation of numerous neurodevelopmental
and activity-dependent processes, including cellular growth,
proliferation, differentiation, migration and apoptosis (20).

Originally, the epithelial-mesenchymal transition (EMT)
was identified as a morphological conversion occurring at
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specific stage of embryonic development and in the transi-
tional stage between the early stage and progressive stage of
tumors (21). The Snail signaling pathway may be involved
in the migration of stem cells due to its well-established
role in the EMT process (22). Although the role of Snail in
tumor-related invasion and metastasis has been elucidated,
there remains no clear understanding on its effects on the
function of BMSCs.

Therefore, the present study aimed to clarify the underlying
mechanism of NRGI in the migration of BMSCs contributing
to the functional recovery of SCI. Firstly, the association
between NRG1 and Snail was investigated. Subsequently, an
animal model of SCI was established using Allen's method
and BMSCs modified with a Snail-overexpression plasmid
vector were transplanted into the lesion of the spinal cord.
The expression levels of NRGI1, Snail and matrix metal-
loproteinase-2 (MMP-2) were detected by western blot and
reverse transcription-quantitative polymerase chain reaction
(RT-gPCR) analyses. Furthermore, the functional recovery of
the spinal cord was evaluated using the Basso, Beattie, and
Bresnahan (BBB) rating scales.

Materials and methods

Cell cultures. The green fluorescent protein (GFP)-labeled
rat BMSCs were purchased from Cyagen Biosciences, Inc.
(Guangzhou, China) and >95% BMSCs expressed GFP
(Fig. 1). The surface markers of CD44*, CD90*, CD11b",
CD34" and CD45" were confirmed by the manufacturer.
The BMSCs were cultivated in Dulbecco's modified Eagle's
medium (DMEM)/F12 with 10% fetal bovine serum (FBS),
100 U penicillin and 100 mg/ml streptomycin (Gibco; Thermo
Fisher Scientific, Inc.). The cells were maintained at 37°C in
a humidified atmosphere containing 5% CO, and passaged
routinely for experiments.

RT-qPCR analysis. Total RNA from the BMSCs was extracted
using TRIzol (Takara Bio, Inc., Otsu, Japan) according to the
manufacturer's protocol. The concentration was detected by
measuring the UV-absorption at 260 nm. The reaction mixture
obtained following the manufacturer instruction, was incu-
bated at 42°C for 45 min and 85°C for 10 min. The primers
were designed as follows: Snail, forward 5'-ATGCACATC
CGAAGCCACACGC-3' and reverse 5-GTAGGTTGGAGC
GGTCGGCAAA-3"; MMP-2, forward 5-TTTCCATTCCGC
TTCCAGGGCACAT-3' and reverse 5"TCGCACACCACA
TCTTTCCGTCACT-3"; GAPDH, forward 5-GTCTTCACC
ACCATGGAGAAGGCTG-3' and reverse 5“TGAGGTCCA
CCACCCTGTTGCTGTA-3'. qPCR analysis was performed
using a SYBR Premix Ex Taq II kit (Takara Bio, Inc., Otsu,
Japan) with 20 ul solution containing 10 ul reaction mixture,
2 ul of cDNA, and 300 nM of gene-specific primers. The PCR
samples were denatured at 95°C for 3 min and 40 cycles were
performed at 95°C for 12 sec, and at 62°C for 40 sec. The effi-
ciency of the reaction was measured with primers using serial
dilutions of the cDNA (1:1, 1:5, 1:25, 1:125, 1:625 and 1:3,125).
Each sample was tested in triplicate. The relative gene expres-
sion levels were analyzed using the Pfaffl method. The data
are expressed as fold change relative to untreated controls after
normalizing to f-actin (23).

Overexpression plasmid and transfection. The Snail over-
expression plasmid (pBabe-puro-Snail), the mammalian
expression vector with full length human Snail cDNA, and the
negative comparing plasmid (pBabe-puro) were provided by
Dr Bob Weinberg (Five Cambridge Centre, Cambridge, MA,
USA) from Addgene, Inc. (Cambridge, MA, USA). The BMSCs
were transfected with the Snail overexpression plasmid using
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific,
Inc., Waltham, MA, USA) based on the manufacturer's protocol.
Ampicillin-resistant clones were isolated as single colonies.

Methyl thiazolyl tetrazolium (MTT) assay. Each group
(5x10* cells per well) of cells were incubated in 96-well plates
containing 100 ul DMEM (Gibco; Thermo Fisher Scientific,Inc.)
in each well. The rates of cellular proliferation were measured
following 24,48, 72, and 96 h of incubation. Subsequently, 20 p1
of MTT (5 mg/ml) was added into each well and incubated for
4 h at 37°C. Following removal of the culture medium from each
well, 150 ul of DMSO was added to each well and the well-plate
was detected using a spectrometer at 490 nm.

Western blot analysis. RIPA lysis buffer was added into the cell
suspension and reacted for 30 min at 4°C. Subsequently, the
samples were boiled for 10 min and centrifuged at 12,000 x g
for 5 min at room temperature. The supernatants were collected
and the quantity of protein loaded per well was adjusted.
The protein sample (20 mg) from each lysate was separated
by using 10-12% sodium dodecyl sulfate-polyacrylamide
(SDS-PAGE) gel electrophoresis, transferred onto nitrocel-
lulose membranes. The membranes were blocked using 5%
non-fat milk in PBS (pH 7.2) for 2 h at room temperature and
incubated with primary antibodies overnight at 4°C, including
anti-Snail (1:500; ab53519; Abcam, Cambridge, MA, USA),
anti-MMP-2 (1:100; ab135562; Abcam) and GAPDH (1:400;
ab8245; Abcam). The membranes were then washed with 1%
TBS-Tween and incubated with secondary antibodies for 2 h
at room temperature. An ECL chemiluminescent substrate
kit was used to detect the reaction and images were analyzed
using AlphaEase FC software version 3.0 (ProteinSimple, San
Jose CA, USA). The western blot assays were conducted in at
least three independent experiments.

Cell migration assay. The migration of stem cells was
measured based on counting the number of cells that passed
through a gelation-coated polycarbonate membrane with an
8-um pore size. The cells were suspended and seeded onto
the Transwell membrane with the density of 1x10° cells/well.
For chemotaxis experiments, 15% FBS (Gibco; Thermo Fisher
Scientific, Inc.) were placed into the wells of the lower chamber
compartment. The cells were fixed with methanol at -20°C
for 30 min and stained with Giemsa at room temperature for
30 min. The number of migratory cells was counted with an
inverted microscope at x200 magnification in five fields.

SCI model. A total of 36 six-week-old female Sprague-Dawley
(SD) rats were purchased from the Laboratory of Animal
Technology of China Medical University (CMU; Shenyang,
China). All rats were housed under specific pathogen-free
conditions (22C, 12-h light/dark cycle and 50-55% humidity)
with free access to food pellets and tap water. The SD rats (body
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Figure 1. Green fluorescence protein-labeled rat bone marrow mesenchymal stem cells. (A) Cell morphology under an optical microscope (x100 magnification);

(B) cell morphology under a fluorescent microscope (x100 magnification).

weight range, 200-240 g) were anesthetized by intraperitoneal
injection of chloral hydrate (300 mg/kg) and received a lami-
nectomy at the 10th thoracic vertebral body under a surgical
microscope. The animals received 80 g/cm blast injury using
the Infinite Horizon Impactor (Laboratory Technology Center
of CMU). A 1-ul cell suspension of 1x10° cells was injected
into the lesions of the spinal cord. Subsequently, 5-0 chromic
gut sutures were used for suturing of the incision layer by layer
and pressure was placed on the bladder for urination every day.
Ampicillin was administered daily in order to avoiding infec-
tions during the entire study. All experiments were performed
in accordance with the Chinese Community Guidelines (24).

BBB scoring and specimen preparation. The functional
recovery of the spinal cord was evaluated using the BBB
rating scales (25); this was performed by two observers in a
blinded-manner every week following cell transplantation.
Subsequently, the rats were sacrificed with an overdose of
sodium pentobarbital, followed by trans-cardiac perfusion
with 4% paraformaldehyde fixing for 2 h. The specimens, cut
into segments 1 cm in length, were placed in 30% sucrose
solution for 48 h. These entire segments were cryosectioned
longitudinally into 6-uym serial sections and collected on
slides. The numbers of GFP-labeled cells were counted under
a fluorescence microscope.

Statistical analysis. Statistical analysis was performed using
Statistical Product and Service Solutions software (SPSS 19.0;
IBM Corp, Armonk, NY, USA). The results are presented as
the mean =+ standard deviation. One-way analysis of variance
was applied for the comparison of mean values of different
groups and Tukey's test was used as post hoc test. P<0.05 was
considered to indicate a statistically significant difference.

Results

NRG] significantly increases the mRNA expression level of
Snail in a concentration-dependent manner. The effects of
different concentrations of NRGI1 (0-80 ng/ml) on the mRNA
expression level of Snail were detected by RT-qPCR
analysis at 24, 48, and 72 h. As shown in Fig. 2A, NRGI1
significantly increased the mRNA expression of Snail in a

concentration-dependent manner between O and 40 ng/ml,
with a peak at 40 ng/ml. At the dose of 80 ng/ml NRGI, the
expression level of Snail was significantly lower than that at
the dose of 40 ng/ml NRGI1. The mRNA expression level of
Snail was significantly higher at 48 h than that at either 24 or
72 h post-NRGI treatment (P<0.05). These results suggested
that NRG1 at a dose of 40 ng/ml for 48 h led to the most effec-
tive increase on the expression of Snail in BMSC, which was
the optimal condition used in the following experiments.

Effects of NRG1 on the mRNA and protein expression levels
of Snail and MMP-2. A total of six groups were included in
the study: Group A (BMSCs transfected with Snail overex-
pression plasmid plus NRG1; BMSC-Sna + NRG1), group B
(BMSCs transfected with Snail negative expression plus
NRGI1; BMSC-NC + NRG1), group C (BMSCs plus NRG;
BMSC + NRGI), group D (BMSCs transfected with Snail
overexpression; BMSC-Sna), group E (BMSCs transfected
with Snail negative expression; BMSC-NC) and group F
(BMSCs). As shown in Fig. 2B, the expression levels of Snail
mRNA in groups A and D were significantly higher than those
in groups B, C, E and F due to transfection with the Snail
overexpression plasmid (P<0.05). There were significant differ-
ences between group A and group D (P<0.05). Furthermore,
the mRNA expression levels of MMP-2 in groups A and D
were significantly higher than those in groups B, C, E and F,
which indicated that the overexpression of Snail stimulated
the expression of MMP-2, and NRGI further enhanced this
positive effect of Snail (P<0.05; Fig. 2C). As shown in Fig. 3,
no significant differences in cellular viability were observed
between groups D, E and F at different time points (P>0.05).
This indicated that the cellular growth of BMSCs did not
significantly alter due to transfection with the Snail overex-
pression plasmid. According to Fig. 4A-C, the results of the
western blot analysis revealed that the expression level of Snail
in group A was significantly higher than those of groups B, C,
E and F (P<0.05) and the expression level of Snail in group was
significantly higher compared with those of groups E and F
(P<0.05). No significant differences were observed between
groups A and D (P>0.05). In addition, the expression levels
of MMP-2 in groups A and D were significantly higher than
those of groups B, C, E and F (P<0.05).
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Figure 2. Effects of NRG1 on the expression levels of Snail and MMP-2. (A) NRG1 concentration-dependently increased the expression level of Snail. "P<0.05
48. vs. 24 h; “P<0.05 48, vs. 72 h. Expression levels of (B) Snail and (C) MMP-2 in the different groups of BMSCs. ‘P<0.05 BMSC-Sna + NRG group, vs.
BMSC-NC + NRG, BMSC + NRG, BMSC-NC, and BMSC groups; “P<0.05 BMSC-Sna + NRG group, vs. BMSC-Sna group; “P<0.05 BSMC-Sna group, vs.
BMSC-NC + NRG, BMSC + NRG, BMSC-NC, and BMSC groups. Data are presented as the mean + standard deviation and P<0.05 was considered statisti-
cally significant. BMSC, bone marrow mesenchymal stem cells; Sna, Snail overexpression plasmid; NRG, neuregulin-1; NC, negative control; MMP-2, matrix

metalloproteinase-2.
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Figure 3. Cellular growth of BMSCs in different groups. Data are presented as the mean + standard deviation. BMSC, bone marrow mesenchymal stem cells;

Sna, Snail overexpression plasmid; NC, negative control.

Cell migration of BMSCs in vitro. As shown in Fig. 5A and B,
the numbers of cells crossing the membrane in groups A and D
were significantly higher than those in groups B and C (P<0.05).
Additionally, there were significant differences between groups
A and D in the numbers of cells that crossed the membrane
(P<0.05). However, no cells appeared to cross the membrane
in groups E and F. This suggested that NRG1 enhanced the
promoting effect of Snail on BMSC migration.

BBB scores and assessment of functional recovery. Two
experts were invited to perform the BBB rating scale in a
blinded-manner at the end of each week between weeks 0 and 4
following cell transplantation. The BBB scores of group D
were significantly higher than those of groups B, C, E and F
between 1 and 4 weeks post-BMSC transplantation (P<0.05).
The BBB score of group A was significantly higher than the
scores of the other groups at different time points, including
weeks 2, 3 and 4 (P<0.05; Fig. 6). In addition, the distribution
area of BMSCs in group A was significantly larger than those
of the other groups and the distribution area of BMSCs in
group D was significantly larger than those of groups E and F
(Fig. 7A-G).

Discussion

Currently, substantial efforts are required for fulfilling the
clinical application of stem cell transplantation in the treat-
ment of SCI (26,27). In particular, the inefficient migration
of BMSC:s into the lesions in vivo is one of biggest problems
in these studies. Several previous studies have suggested that
stromal cell-derived factor-1 (28), monocyte chemoattractant
protein-1 (29) and interleukin-8 can induce BMSC migration
in vitro. However, there are no reports on whether NRG1 can
induce BMSC migration into lesions of SCI and its underlying
mechanisms.

The application of BMSCs as seed cells is effective and
efficient for cell transplantation in the treatment of SCI due
to lower immunogenicity and no adverse reactions (30).
However, Serakinci et al (31) suggested that the existence of
tumorigenicity was confirmed when BMSCs were transfected
with the telomerase gene in vitro. In addition, Rubio et al (32)
reported that transgenic BMSCs are safe and effective for
6-8 weeks in vitro, however, spontaneously emerging muta-
tions were inevitable in the long-term. Therefore, temporary
tumorigenesis BMSCs were introduced in the present study,
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Figure 5. Cell migration of BMSCs in different groups. Images under an optical microscope (x100 magnification) of the (A) BMSC-Sna + NRG group,
(B) BMSC-NC + NRG group, (C) BMSC + NRG group, (D) BMSC + Sna group, (E) BMSC-NC group and (F) BMSC group. (G) Numbers of transmembrane
cells in groups A-F. Data are presented as the mean + standard deviation and P<0.05 was considered statistically significant. "P<0.05 A, vs. B and C; "P<0.05
A, vs.D; *P<0.05 D, vs. B and C. BMSC, bone marrow mesenchymal stem cells; Sna, Snail overexpression plasmid; NRG, neuregulin-1; NC, negative control.

which meant that BMSCs were temporarily modified with
gene overexpression or silencing.

In the present study, it was found that exogenous NRG1
significantly promoted the expression of Snail in a concentra-
tion-dependent manner <40 ng/ml with a peak at 48 h. Further
experiments were performed under this optimal condition. As
overlapping mechanisms exist between stem cells and tumor
cells (33-37), the transcription factor Snail, which is important
in EMT, is involved in promoting the migration, invasiveness
and metastatic potential of tumor cells (38-41). Therefore,
BMSCs were modified with a Snail-overexpressed plasmid
and changes in the expression of MMP-2 were detected with or
without the addition of exogenous NRGI. The results indicated
that NRGI significantly promoted the expression of MMP-2 via
upregulating the expression of Snail and contributing to BMSC

migration in vitro. The synergistic effects of NRGI1 on Snail
can promote changes of the BMSC cytoskeleton, stimulate
the expression of MMP-2 to degrade extracellular matrix, and
enhance BMSC migration. The results of in vivo experiments
in the present study further showed that BMSCs had a wide and
uniform distribution area in the lesions of the SCI following
treatment with BMSCs modified with Snail and NRGI.
Furthermore, the BBB scores indicated that the func-
tional recovery of SCI was significantly improved following
transplantation of the BMSCs modified with Snail and
NRGI. The underlying mechanism of this promoting effect
may be associated with the upregulation of MMP-2 and Snail
following the addition of NRGI. The results suggested that
NRGI provided synergistic improvement of the positive
effects of Snail on BMSC migration. BMSC transplantation
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offers a novel and promising treatment for SCI and previous
studies have confirmed that BMSC transplantation can
improve neurological deficits effectively and efficiently.
However, there were certain limitations, including the lack
of more recent and advanced techniques, the insufficient
number of experimental animal species and the lack of evalu-
ation of the effect of BMSC migration following NRGI- or
Snail-knockout.

In conclusion, NRGI upregulated the expression of Snail
in a concentration-dependent and promoted the expression
of MMP-2 at the optimal concentration and time point; this
enhanced the migration of rat BMSCs in vitro. In addition,
NRGI led to the BMSCs diffusing uniformly in the SCI loca-
tion and showed good functional recovery following SCI. This
suggests that NRG1 may be essential in the cell transplantation
of modified BSMCs in treating SCI.
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