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ABSTRACT

Objective: To investigate the changes and me-
chanism of angiogenesis in myocardium in-
duced by transplantation of the sonic hedgehog
(shh) gene transfected in bone marrow mesen-
chymal stem cells (BMMSC) after myocardial
infarction. Methods: A rat model of acute myo-
cardial infarction was made by coronary artery
ligation. The rats were randomly divided into five
groups of 40 rats each. These were further sub-
divided into groups of 10 rats. The peripheral
regions of the infarcts were injected with either
BMMSC®*"  (transfection group), equivalent
BMMSC (cell only group), BMMSC and pcDNA3.1-
Shh DNA mixture (mixture group), pcDNA3.1-
shh DNA alone (gene only group), or equal
volumes of low-sugar DMEM medium (control
group). One, two, four, and eight weeks after
transplantation, specimens were harvested from
the transplantation site to determine the ex-
pression of SHH signaling pathway downstream
genes Ptcl, Gli-2, COUP-TF I, angiogenesis
promoting factor VEGF, and Ang-1 using RT-
PCR. Results: Seven days after transplantation,
the expression of SHH signaling pathway down-
stream genes, Ptcl, Gli-2, and COUP-TF Il was
significantly more pronounced in the transfec-
tion group than in the control group, cell only
group, gene only group, or mixture group (Ptc1l:
P <0.01, P<0.01, P<0.05 and P < 0.05, respec-
tively; COUP-TF II: P < 0.01, P < 0.01, P < 0.05,
and P < 0.05, respectively; Gli-2: P < 0.01, P <
0.01, P < 0.05, and P < 0.05, respectively). The
expression of angiogenesis-promoting genes
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Vegf and Ang-1 was significantly more pro-
nounced than in the control group, cell only
group, or gene only group (Vegf: P < 0.01, P <
0.05, P < 0.05 respectively; Ang-1: P <0.01, P <
0.05, and P < 0.05, respectively). Conclusion:
Transplantation of the shh-gene-transfected
BMMSCs to the peripheral regions of myocardial
infarcts promoted angiogenesis by upregulating
downstream gene expression.

Keywords: Shh; Bone Marrow Mesenchymal Stem
Cells; Ptcl; Gli-2; COUP-TF II; VEGF; Ang-1

1. INTRODUCTION

The study of cells and genes that promote angiogene-
sis in the treatment of ischemic heart disease has become
a new hotspot in life science research. Cell therapy im-
proves cardiac function by transplanting stem cells from
certain sources into the cardiomyopathic area and pro-
moting their proliferation and differentiation into car-
diomyocytes. This restores the number of functional car-
diomyocytes. However, the survival rate of the trans-
planted cells is low due to the low blood perfusion of the
ischemic area. Gene therapy improves cardiac function
by introducing genes encoding an angiogenic growth
factor into the body, promoting angiogenesis in the local
ischemic area and improving blood supply to ischemic
tissue. These two types of methods each have their own
limitations, so combinations of cells and gene therapy are
a major new direction of study in this field.

Bone marrow mesenchymal stem cells (BMMSC) are
self-renewal pluripotent cells found in bone marrow.
Under certain conditions, they can differentiate into a
variety of functional cells, including cardiomyocyte-like
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cells [1-3]. In this way, they hold broad clinical applica-
tion prospects for the treatment of ischemic heart disease.
SHH is the most important member of the Hedgehog (Hh)
gene group. These genes encode a secretory signaling
protein. It is expressed widely during vertebrate devel-
opment and can promote angiogenesis and cell growth, it
is especially important in the development of the cardio-
vascular system in embryos. In mature animals, SHH can
promote blood vessel growth by upregulating the joint
expression of angiogenesis-promoting factors such as
VEGF and Ang-1. SHH’s ability to stimulate blood ves-
sel growth is very strong. The newly formed blood ves-
sels are larger, more mature, and have better functions
[4-6]. Based on this, we transferred the SHH gene into
BMMSCs and explored its angiogenic pathways and
possible mechanisms to provide a theoretical basis for
joint cell and gene therapy for ischemic heart diseases.

2. MATERIAL AND METHODS

2.1. Experimental Animals and Main
Materials

Wistar rats were purchased from Shanghai Laboratory
Animal Center, Chinese Academy of Sciences. All ani-
mals received humane care in compliance with the
“Guide for the Care and Use of Laboratory Animals”
prepared by the Institute of Laboratory Animal Re-
sources, National Research Council, and published by
the “Guide to the Care and Use of Experimental Ani-
mals” by the Chinese Council on Animal Care. DMEM
lowglucose medium and Australia fetal bovine serum
were obtained from Gibco. Lymphocyte separation me-
dium was purchased from Sigma. Trizol was purchased
from Genewindows. A reverse transcription kit was pur-
chased from Fermentas. A qPCR kit was purchased from
Applied Biosystems. Anti-Shh polyclonal rabbit anti-
bodies were purchased from Proteintech. An odyssey
bicolor infrared fluorescence imaging system was used
for Western blotting. A transfection kit was purchased
from Amaxa. PCR reagents were purchased from Fer-
mentas. Primers were synthesized by Shanghai Sangon.

2.2. Harvesting BMMSCs for Transfection

The broken femurs of rats were washed with saline,
and 1.073 g/ml Percoll was used for preliminary separa-
tion of bone marrow mesenchymal stem cells (BMMSC).
Then BMMSCs were further isolated and purified by
replacing old medium with low-glucose DMEM con-
taining 15% fetal bovine serum. Cells were cultured to
the second generation for further transfection or trans-
plantation experiments.

Transfection was performed according to the manu-
facturer’s instructions. Flasks containing 5 ml low-glu-
cose DMEM with 15% FBS were placed in an incubator
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at 37°C and 5% CO,. BMMSCs in the exponential
growth phase were selected and separated into single-cell
suspensions, 5 x 10° cells were centrifuged at 1200 rpm
for 5 min, and supernatant was removed completely to
produce cell clusters. Then 100 pL human MSC nu-
cleofector solution and 2 pg recombinant PCDNA 3.1 (-)
-SHH eukaryotic expression vector were added to the
cell cluster, after careful and gently mixing, the cell
cluster was transferred to a special electroporation cup,
and high survival program U-23 was selected for trans-
fection. The transfection was completed in a few seconds.
The transfected cells were transferred to a pre-buffered
medium and gently dispersed. Cells transfected with the
same procedure three times were placed in the same cul-
ture flask. The flask was placed in an incubator at 37°C
and 5% CO,. After 24 h, the medium was changed.
Non-adherent cells were discarded and then cultured for
another 24 h. Before the transplantation, the transfected
cells were extracted and checked by fluorescence pho-
tography, and the expression of SHH gene as well as
related protein were checked.

2.3. Reverse Transcription PCR for the
Expression of SHH in MSCs

RNA was extracted by Trizol and cDNA was synthe-
sized by a Reverse Transcription System Kit (Promega).
The PCR amplification system was 2 x Taq plus PCR
Mix 10 uL, template DNA 1 pL (80 ng), forward primer
0.4 nmol, reverse primer 0.4 nmol, adding ddH,O to ter-
minal volume 20 pL. The PCR reaction consisted of 4
minutes denaturation at 94°C, 35 cycles at 94°C for 30
seconds, 58°C for 30 seconds, 72°C for 60 seconds, and
10 minutes prolongation at 72°C. The forward primer for
GAPDH (as reference gene) was CAAGGTCATCCAT-
GACAACTTTG and the reverse primer was GTCCAC-
CACCCTGTTGCTGTAG (Length of Product: 496 bp).
The forward primer for SHH was GGTGGCAC-
CAAGTTAGTGAAGGAT and the reverse primer was
AGAAGACCTTCTTGGCACCTTCGT (Length of Pro-
duct: 130 bp).

2.4. Western-Blot for the Expression of SHH
in MSCs

The protein was obtained from MSCs 24 hours after
transfection. 10 uL protein sample was then electropho-
resed on 10% SDS-PAGE at constant voltage 110 v and
transferred to Nitrocellulose membrane at 66 v for about
2 hours. Subsequently, the membrane was blocked by a
blocking buffer for 1 hours, followed by incubating with
rabbit anti rat SHH antibody (diluted 1:250) at 4°C over-
night. After washed with Tris-buffer saline (TBS) three
times, the meberance was incubated with horseradish
peroxidase-conjugated secondary antibody (diluted 1:1000)
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at room temperature for 1 hour and washed with TBS
again. Finally electrochemiluminescence (ECL) reagent
was added. 2 minutes later the film was exposed, devel-
oped and fixed.

2.5. Construction of Myocardial Infarction
Model and Cell Transplantation

A rat model of acute myocardial infarction was gener-
ated by coronary artery ligation, and the experimental
animals were divided into five groups (40 rats per group,
10 rats per week). Cell transplantation therapy was per-
formed immediately after the establishment of the rat
model by direct injection. In transfection group, immedi-
ately after the establishment of myocardial infarction
model, 5 x 10° BMMSC*™ were transplanted into the
infarct area. The cell only group was transplanted with an
equal number of BMMSCs. The gene only group was
injected with 200 pg pcDNA3.1-Shh plasmid DNA. The
mixture group was injected with a mixture of equal
number of BMMSCs with 200 pg pcDNA3.1-Shh plas-
mid DNA, and the control group was injected with equal
volume of low-glucose cold DMEM. The rats injected
with BMMSC™ seems more activitive weeks late when
compared with others groups.

2.6. Real Time-PCR

RNA was extracted with Trizon and reverse tran-
scribed into cDNA. PCR was performed using a 20 pL
reaction system, the following reagents were added into

Table 1. Primer sequences for real time-PCR.

the PCR reaction tube: 2 x Taq plus PCR Mix 10 pL,
DNA template 1 pL (80 ng), upstream and downstream
primers 0.4 nmol each. Then ultrapure water was added
to a final volume of 20 pL. The PCR reaction conditions
were as follows: 94°C for 4 min, followed by 35 cycles
of 94°C for 30 seconds, 58°C for 30 s, and 72°C for
1 min. The PCR reaction was ended after a final exten-
sion at 72°C for 10 min. A 20 pL reaction system was
also used for qPCR, and the following reagents were
added to the PCR reaction tube: SYBR Mix 10 pL, for-
ward and reverse primers 0.3 umol, cDNA 0.5 pL (40
ng). Then ultrapure water added to 20 pL. The primer
sequences were shown in Table 1. The reaction condi-
tions for qPCR were as follows: 95°C for 10 min, fol-
lowed by 45 cycles of 95°C for 15 s and 60°C for 60 s.

2.7. Statistical Analysis

The 27T method was used for analysis, ACT =
(et gene _ preference gene - and statistical analysis was
performed through 2" x 1000. There were 5 groups in
this study, each containing 40 samples, 10 of which were
harvested per week. Numerical variables were presented
as mean + SD. In-between group comparison was per-
formed using single-factor analysis of variance (one-way
ANOVO) (taking into account that 8§ measurements in
each group were small sample size, SPSS19 one-way
ANOVA was used for overall comparison and pair-wise
comparisons were made using Dunnett’s T3 test). All
calculations were performed using IBM SPSS19. The a

Gene Primer sequence Length of product Tm
Forward primer: TGGGCATCGAGAACATTTGCGAAC
COUP-TF 11 155 bp 60°C
Reverse primer: TGCTGCATTCAACACGAACAGCTC
Forward Primer: CCATTTCTTGCCCTTGGTGTTGGT
PTC1 182 bp 58°C
Reverse Primer: AATGCAGCCATGAAGAAGGCAGTG
Forward Primer: ATCAAGAGGG AGCTACACGCAACA
GLI-2 137 bp 60°C
Reverse Primer: ATCCACTGAC GACGTTTGGACTCA
Forward Primer: CGGATCAAACCTCACCAAAG
VEGF 137 bp 57°C
Reverse Primer: AAATG CTTTCTCCGCTCTGA
Forward Primer: TCCAGATCACCACCTGCAAGCATA
Ang-1 123 bp 60°C
Reverse Primer: CATCAAAGTGGACAGGCAAGCCAT
Forward Primer: TGACTCTACCCACGGCAAGTTCAA
Gapdh 141 bp 58°C

Reverse Primer: ACGAC ATACT CAGCA CCAGCATCA
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value was set at 0.05.

3. RESULTS

3.1. Expression of the Targeted Gene after
Transfection

Cells were observed under a fluorescence microscope
48 h after transfection. As shown in Figure 1, BMMSCs
expressing the target genes showed light green fluores-
cence. PCR data showed that the SHH mRNA expression
in BMMSCs transfected with Shh was significantly
higher than in non-transfected BMMSCs. Western blot
analysis showed that SHH protein level was significantly
higher in BMMSCs transfected with Sh/ than in non-
transfected BMMSCs.

3.2. Changes of the SHH Downstream Gene
Expression at the Transplantation Site

Seven days after transplantation, the expression of
SHH downstream genes, Ptcl, Gli-2, and COUP-TF 11
was significantly higher than that in the control group, cell
only group, gene only group, and mixture group (Ptcl: P
<0.01, P<0.01, P <0.05, and P <0.05, respectively;
COUP-TF 1I: P<0.01, P<0.01, P<0.05, and P <0.05,
respectively; Gli-2: P <0.01, P <0.01, P <0.05,and P <
0.05, respectively), as shown in Figure 2. However, tests
performed at two weeks, four weeks, and eight weeks
after transfection did not show any significant difference
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Figure 1. Target gene expression in transfected cells. (a) Detec-
tion of target gene expression after transfection using fluores-
cence microscopy (labled by green immunofluorescence pro-
tein); (b) Detection of target gene expression using PCR; (c)
Detection of the expression of the target protein using Western
blot analysis.
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Figure 2. Changes in SHH downstream gene expression
seven days after transplantation. Ptcl: changes in Ptcl gene
expression among different groups after transplantation. Gli-
2: changes in Gli-2 gene expression among different groups
after transplantation. Coup-TF 2: changes in Coup-TF 1I gene
expression among different groups after transplantation.

in the expression of these genes among different groups
(P>0.05).

3.3. Changes in Levels of Angiogenesis
Promoting Factor at the Transplantation
Site

The expression of angiogenesis promoting genes, such
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as Vegf and Ang-1, was significantly upregulated in
transfection group than that in the control group, cell
only group, and gene only group (Vegf: P < 0.01, P <
0.05, and P < 0.05, respectively; Ang-1: P < 0.01, P <
0.05, and P < 0.05 respectively). In the mixture group,
expression was slightly but not significantly higher than
that in the mixture group (Vegf: P = 0.147, Ang-1: P =
0.15), as shown in Figure 3. Subsequent tests at two,
four, and eight weeks after transplantation showed no
significant differences in the levels of expression of these
genes (P > 0.05).

4. DISCUSSION

There have been studies showing that SHH can pro-
mote the growth of blood vessels and improve perfusion
in the ischemic area, SHH and its downstream gene were
were significantly upregulated in ischemic myocardium
and skeletal muscle. This was accompanied by upregula-
tion of the expression of angiogenesis-promoting genes
such as Vegf and Ang-1, suggesting that SHH can medi-
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Figure 3. Changes in angiogenic growth factor gene expression
seven days after transplantation. Ang-1: changes in Ang-1 gene
expression among different groups after transplantation. VEGF:
changes in VEGF gene expression among different groups after
transplantation.
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ate a defense reaction in the body, allowing it to resist
ischemia and increase blood perfusion. The activation of
the SHH signaling pathway is critical to the production
of VEGF and other angiogenesis-promoting factors. The
topical application of Sh# or its protein has been shown
to increase capillary density and improve blood supply in
ischemic hind limb mouse models, cornea, acute myo-
cardial infarction rat models, chronic myocardial infarc-
tion pig models, and diabetic neuropathy rat models
[4-7].

After being produced and secreted by stromal cells,
SHH affects nearby stromal cells in a paracrine manner,
causing them to secrete a variety of angiogenic factors,
such as VEGF and 4ng. At least five important signaling
molecules are involved in the SHH-mediated signal
transduction pathway [8-11]: 1) Secretory protein SHH.
It plays key roles in the formation of the digestive tract,
limbs, neural system, cardiovascular, and other organiza-
tions. 2) Cell transmembrane protein Patched (Prtcl).
This is the receptor for SHH. It has a 12 transmembrane
domain structure. 3) Cell transmembrane protein Smooth-
ened (Smo). It has a seven transmembrane domain struc-
ture and plays important roles in the SHH signaling
transduction pathway. 4) Zinc finger family transcription
factor Gli. It is the downstream signaling molecule of
Smoothened and regulates the activity of angiogenic
promoting target genes by SHH. 5) COUP-TF 1I. 1t is
also a downstream signaling molecule of Smoothened. It
regulates the activity of SHH angiogenic promoting tar-
get genes by using SHH as a transcription factor. The
signaling pathway is as follows: In the absence of SHH,
Ptcl binds to Smoothened and the activities of Smooth-
ened and GIi are suppressed, resulting in a transcriptional
repression state. In the presence of SHH, Pfcl binds to
its ligand SHH, Smoothened is released and activated,
and the Gli gene and COUP-TF 11 gene are also activated,
causing them to become transcriptional activators and
bind DNA, inducing the transcription of target genes.
Ptcl and Glie are also the target genes of SHH signal in
this pathway [12,13]. Levels of Ptcl, Gli, and COUP-TF
II corresponded to the activity of this signaling pathway.
Unlike other factors, SHH cannot cause the migration or
proliferation of endothelial cells cultured in vitro. It indi-
rectly promotes the growth of blood vessels by inducing
the expression of angiogenic factors, such as VEGF and
Ang-1, and others [4,5]. When the SHH-Ptc-Smo signal
pathway is activated in receptor cells, the expression of
angiogenic target genes such as VEGF and Ang-1 also
becomes upregulated.

In this study, we examined the expression of Ptcl, Gli,
and COUP-TF 1I at the transplant site among all groups
using real-time quantitative PCR. We further tested the
expression of angiogenic growth factors VEGF and
Ang-1. Among the specimens obtained during the first
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week, the expression of Ptcl, Gli-2, and COUP-TF 1I in
the transfection group was found to be extremely sig-
nificantly higher than that of the control group and cell
only group (P < 0.01). It was also significantly upregu-
lated relative to the gene only group and the mixture
group (P < 0.05), indicating that the transferred exoge-

nous SHH gene can stimulate the SHH mediated pathway.

This effect was most obvious in the transfection group.
When the expression of angiogenic growth factors VEGF
and 4ng-1 was examined, their expression in the trans-
fection group was found to be extremely significantly
upregulated relative to the control group (P < 0.01) and
significantly upregulated relative to the gene only group
and cell only group (P < 0.05). There was also a slight
but not significant trend of upregulation relative to the
mixture group (VEGF: P = 0.147, Ang-1: P = 0.15).
These data suggested that both BMMSC and SHH can
stimulate angiogenesis and improve local blood perfu-
sion. This effect was most obvious in the transfection
group. BMMSC promotes angiogenesis through its abil-
ity to stimulate the secretion of angiogenic factors [14-
15]. We conclude that the transfer of the SHH gene into
bone marrow mesenchymal stem cells was successful.
After synthesis within the cells, the active part of SHH
was secreted and released into the extracellular matrix,
producing a paracrine effect. SHH bound to the Prcl
receptor on the cell membrane of fibroblast cardiomyo-
cytes, which are the most abundant type of cell in the
myocardium. This activated the downstream G/i-2 and
COUP-TF 11 signal transduction pathways, regulating the
expression of downstream genes, ultimately inducing the
upregulation of expression of angiogenic factors such as
VEGF and Ang-1, so promoting blood vessel growth. Its
therapeutic effect was found to be more pronounced than
that of cells alone, genes alone, or cell and gene mixtures
(untransfected).

However, starting from the second week, there were
no differences in Ptcl, Gli-2, or COUP-TF 11 expression
among all groups. This may be due to the fact that apop-
tosis of the transplanted cells occurred mainly during the
first few days after transplantation. When cells are trans-
planted into the infarct border zone, because there is still
myocardial tissue inflammation, edema, and ischemia in
this region, the transplanted cells did not receive suffi-
cient blood. This is worse when transplantation strategy
is accompanied by local injection of liquid for lysing
cells, causing the transplantation site to swell even more.
The changes in the cellular environment made the al-
ready damaged cells even more prone to apoptosis. An-
other important reason is that the transplantation strategy
shown in this study cannot target or integrate the SHH
DNA fragment into the corresponding gene locus in the
chromosomes of BMMSCs. Electric transfection is one
form of transient transfection. The plasmids that were not
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able to target or integrate into specific gene loci in
BMMSC chromosomes were metabolized and eliminated.
The protein was only transiently expressed and its effects
are also transient. After transplantation, although a cer-
tain number of cells survived, most of those surviving
cells differentiated into cardiomyocytes, which expressed
SHH at low levels. More in-depth studies in this area are
needed.
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