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Abstract

modifies the c-kit expression level.

Background: C-kit-positive cardiac stem cells (CSCs) have been shown to be a promising candidate treatment for
myocardial infarction and heart failure. Insulin-like growth factor (IGF)-1 is an anabolic growth hormone that regulates
cellular proliferation, differentiation, senescence, and death in various tissues. Although IGF-1 promotes the migration
and proliferation of c-kit-positive mouse CSCs, the underlying mechanism remains unclear.

Methods: Cells were isolated from adult mouse hearts, and c-kit-positive CSCs were separated using magnetic beads.
The cells were cultured with or without IGF-1, and c-kit expression was measured by Western blotting. IGF-1 induced
CSC proliferation and migration, as measured through Cell Counting Kit-8 (CCK-8) and Transwell assays, respectively.
The miR-193a expression was measured by quantitative real-time PCR (gPCR) assays.

Results: IGF-1 enhanced c-kit expression in c-kit-positive CSCs. The activities of the phosphoinositol 3-kinase (PI3K)/AKT
signaling pathway and DNA methyltransferases (DNMTs) were enhanced, and their respective inhibitors LY294002 and
5-azacytidine (5-AZA) blunted c-kit expression. Based on the results of quantitative real-time PCR (gPCR) assays, the
expression of miR-193a, which is embedded in a CpG island, was down-regulated in the IGF-1-stimulated group and
negatively correlated with c-kit expression, whereas c-kit-positive CSCs infected with lentivirus carrying micro-RNA193a
displayed reduced c-kit expression, migration and proliferation.

Conclusions: IGF-1 upregulated c-kit expression in c-kit-positive CSCs resulting in enhanced CSC proliferation and
migration by activating the PI3K/AKT/DNMT signaling pathway to epigenetically silence miR-193a, which negatively
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Background

According to the latest update from the American Heart
Association [1], cardiovascular disease (CVD) leads to
enormous health and economic burdens worldwide.
Unfortunately, the high mortality of patients with CVD
is unlikely to be improved over a short time span [2].
Despite the rapid development of diagnostic equipment
and drug therapy for CVD, the heart has a weak regener-
ation ability and only compensates for a variety of CVDs
caused by the loss of a large number of myocardial cells
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through adverse remodeling, eventually reaching the de-
compensation stage. Although a growing number of
recent findings [3—5] have challenged the concept that the
heart is a terminally differentiated organ without the cap-
acity to regenerate, cardiac-resident stem cells have been
shown to play an important role in cardiomyocyte renewal
under both pathological and physiological conditions.
C-kit-positive resident cardiac stem cells (CSCs), which
have been shown to differentiate into endothelial cells,
smooth muscle cells, and even cardiomyocytes, have been
used for cardiac repair [3—5]. CSC migration and amplifi-
cation have been shown to play roles in cardiac repair. In
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addition, c-kit activation enhances the migration, prolifer-
ation, and survival of CSCs [6].

Insulin-like growth factor (IGF)-1, an anabolic growth
hormone, is produced in the liver and regulates cellular
proliferation, differentiation, senescence, and death in
various tissues [7, 8]. Intriguingly, Johnson and Kartha
[9] reported that IGF-1 positively regulated CSC clono-
genicity, as indicated by an increased percentage of cells
expressing the c-kit receptor. In addition, the phosphoi-
nositol 3-kinase (PI3K)/AKT-1 signaling pathway is
important in regulating the effects of IGF-1 in improving
infarcted heart function [10].

MicroRNAs are highly conserved in both the intracellular
and extracellular environment, and have been reported to
modulate biological processes such as cell proliferation,
apoptosis, tumor suppressor gene expression, and clinical
diagnoses, and even to regulate stem cells [11-13]. MiR-
193a has been shown to function as a methylation-silenced
tumor suppressor in acute myeloid leukemia that represses
c-kit expression [14]. However, the mechanism underlying
this regulatory action of IGF-1 on c-kit-positive resident
CSCs through miR-193a remains unknown.

Here, we hypothesize that IGF-1 might not only regulate
CSC proliferation but also promote the survival and
migration of these cells. The PI3K/AKT-1 signaling path-
way might also participate in these processes.

Thus, we aimed to clarify the underlying mechanism by
which IGF-1 regulates c-kit-positive CSCs, and especially
how miR-193a engaged in this process.

Ethics statement

All animal protocols performed in this study were approved
by the Institutional Animal Care and Use Committee of
Southeast University, and the procedures were conducted
in compliance with the National Institutes of Health Guide-
lines (approval ID: SYXK-2011.3923).

Methods

C-kit-positive murine CSCs were isolated using our previ-
ously described methods [15]. Briefly, CSCs were obtained
from the hearts of 2-month-old wild-type male C57BL/6
mice (Yangzhou Laboratory Animal Center). After the
CSCs were cultured for 1 to 2 weeks, a layer of fibroblast-
like cells migrated from the adherent myocardial tissue.
Some small, round, phase-bright cells emerged from these
fibroblast-like cells and were collected using the digestion
enzyme Accutase (Millipore, USA). Enriched c-kit-positive
cells were further isolated using c-kit magnetic-activated
cell sorting (MACS) magnetic beads (Miltenyi Biotec Inc.,
Germany) according to the manufacturer’s instructions.
These separated cells were seeded on poly-D-lysine-coated
(Sigma, USA) dishes at a density of 2 x 10* cells/ml in car-
diosphere growth medium (CGM: 65% Dulbecco’s modi-
fied Eagle’s medium (DMEM)-F12 (HyClone, USA)
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containing 10% fetal calf serum (Gibco, USA), 2 mmol/l L-
glutamine (Gibco, USA), 0.1 mmol/l 2-mercaptoethanol
(Sigma, USA), 2% B27 (Gibco, USA), 5 ng/ml basic fibro-
blast growth factor (bFGF; R&D Systems, USA), 10 ng/ml
epidermal growth factor (EGF; Peprotech, USA), 40 nmol/l
cardiotrophin-1 (Peprotech, USA), 1 unit/ml thrombin
(Sigma, USA), 100 U/ml penicillin G (Gibco, USA), and
100 mg/ml streptomycin (Gibco, USA)). The culture
medium was changed every 3 days.

Characterization of CSCs

C-kit-positive cells were isolated from the expanded cells
using MACS, as described above. We performed a flow
cytometry analysis to analyze the stem cell phenotypes.
CSCs were isolated by enzymatic digestion using accutase,
re-suspended in phosphate-buffered saline (PBS) and
blocked with 3% fetal bovine serum for 15 min prior to
the flow cytometry analysis. A nonspecific mouse IgG1
antibody (BD Biosciences, USA) was used as a control.
Subsequently, CSCs were labeled with FITC-conjugated
rat anti-mouse c-kit, FITC-conjugated rat anti-mouse spi-
nocerebellar ataxia type 1 (Sca-1; BD Biosciences, USA),
FITC-conjugated rat anti-mouse CD34 (Miltenyi Biotec
Inc., Germany) and FITC-conjugated rat anti-mouse
CD45 (Miltenyi Biotec Inc, Germany) antibodies for
30 min at 4 °C in the dark, washed twice with cold PBS,
and then re-suspended in buffer. The data were obtained
with a FACSCalibur flow cytometer (BD Biosciences,
USA) and analyzed using WinMDI software.

Assessment of cell viability

Cell proliferation was assessed by a Cell Counting Kit-8
(CCK-8) assay (Dojindo, Japan). The experimental proce-
dures described below were performed according to the
manufacturer’s instructions. Cells were plated in 96-well
culture plates at a density of 5-10 x 10% cells/well. Adhe-
sion was verified approximately 12 h later, and the cells
were treated with 0 or 100 ng/ml IGF-1 (Sigma) for 72 h.
Next, 10 pl CCK-8 solution was added to each well, and
the cells were incubated at 37 °C for 1-4 h. The optical
density (OD) of each well was then measured at a wave-
length of 450 nm using a microplate reader (Bio-Rad Model
550, CA, USA).

Assessment of cell migration

CSCs were plated in the upper chambers of Transwell
plates (8.0 um pore size; Millipore, Billerica) at a density of
2 x10° cells/well in 100 pl medium to analyze cell migra-
tion. Migration to the lower chamber, which was filled with
600 pl medium, was induced by adding 100 ng/ml IGF-1 to
the cells. After 48 h of incubation at 37 °C in 5% CO,, the
cells were fixed with 4% paraformaldehyde and stained with
0.1% crystal violet to determine the number of cells that
had migrated to the bottom side of the filter. The migrated
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cells were photographed using a phase contrast microscope,
and the number of migrated cells was manually counted in
three random fields per filter.

Western blot analysis

Treated cells were washed twice with cold PBS and incu-
bated with lysis buffer (50 mM Tris (pH 8.0), 150 mM
NaCl, 0.02% sodium azide, 0.2% SDS, 100 pg/ml phenyl-
methylsulfonylfluoride (PMSF; Sigma, USA), 50 pl/ml
aprotinin, 1% octylphenoxypolyethoxyethanol 630, 100 mM
NaF, 0.5% sodium deoxycholate, 0.5 mM EDTA, and
0.1 mM ethylene glycol tetraacetic acid). The protein con-
centration was quantified using a bicinchoninic acid (BCA)
assay kit (Pierce, USA). The proteins were separated by
SDS-PAGE (Biosharp, China) and then transferred to poly-
vinylidene difluoride (PVDF) membranes that were blocked
with TBST solution (10 mM Tris-HCI, 150 mM NaCl, and
0.05% Tween-20) containing 5% skimmed milk for 3—4 h at
room temperature. The membranes were then incubated
with primary antibodies (Abcam, 1:1000 dilution) overnight
at 4 °C and then washed three times with TBST for 15 min
each wash. Subsequently, the membranes were incubated
with a horseradish peroxidase-conjugated secondary anti-
body (Santa Cruz Biotechnology, 1:5000 dilution) for 1-2 h
at room temperature and then washed as described above.
The blots were exposed using Amersham Enhanced Chemi-
luminescence (ECL) Prime Western Blotting Detection
Reagent (GE Healthcare). Image | analysis software was used
to quantitatively analyze the bands. Glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) was used as a loading
control (Santa Cruz Biotechnology, 1:1000 dilution).

Quantitative real-time polymerase chain reaction (qPCR)

The total RNA from the cells was extracted using the
TRIzol reagent (Invitrogen, CA, USA) according to the
manufacturer’s protocol. A UV spectrophotometer was
used to measure the purity and concentration of the RNA,
and agarose gel electrophoresis was used to verify the RNA
integrity. The cDNA templates were synthesized using the
PrimeScript™ RT reagent kit with gDNA Eraser (TaKaRa,
Japan) according to the manufacturer’s instructions. The
qPCR analysis was performed using IQ SYBR Green
Supermix (Bio-Rad, USA) and the Bio-Rad MJ Mini Opti-
con Real-Time PCR System, along with the Bio-Rad CFX
Manager analysis software. The resulting amplification and
melting curves were analyzed to identify the specific PCR
products. The relative gene expression values were calcu-
lated using the comparative 27" method. The relative
gene expression levels were calculated by normalization to
the GAPDH mRNA level, whereas the miR-193a expres-
sion level was calculated by normalization to the U6 small
nuclear RNA levels. The primer sequences were as
follows: mouse GAPDH primers: sense: 5 -ACAA
CTTTGGCATTGTGGAA-3’, antisense: 5'-GATGCA
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GGGATGATGTTCTG-3'; mouse DNA methyltrans-
ferase 1 (DNMT1) primers: sense: 5-CTGCTGTG
GAGAAACTGGAA-3’, antisense: 5 -TGATTTCC
GCCTCAATGATA-3’; mouse DNMT3a primers:
sense: 5'-CTGTCCCATCCAGGCAGTAT-3’, anti-
sense: 5'- CTTAGCGGTGTCTTGGAAGC-3’; mouse
DNMT3p primers: sense: 5-CTCAAACCCAACAA-
GAAGCA-3’, antisense: 5 -AGCAGCAGAGTCA
TTGGTTG-3'; mouse miR-193a primers: sense: 5'- A
GGGTCTTTCCGCCCAGATTGTGAG -3’, antisense:
5- AAGCTGCGGGAACATTGGGG-3.

Bisulfite sequencing analysis

Genomic DNA was extracted from the cultured cells
using a Qiagen ampR DNA Mini Kit (Qiagen Sciences,
USA) according to the manufacturer’s recommended pro-
tocols. The concentration and purity of the DNA were
measured by determining the absorbance at 260 and
280 nm. One microgram of genomic DNA from each
sample was modified with sodium bisulfite using an EZ-96
DNA methylation kit (Zymo Research). The primers used
for sodium bisulfite DNA sequencing analysis were de-
signed using the online tool METHPRIMER: sense: 5'-GT
TTTAGGTTTTAGATGGGGAAGTT-3), antisense: 5-CT
AAAATACCTTCCTCCCAATCAC-3". The PCR products
were sub-cloned and sequenced.

Luciferase reporter assay

For the 3'-UTR-Renilla luciferase reporter assay, 293 T
cells were seeded in 24-well plates at a density of 5.0 x 10*
cells/well and co-transfected with a reporter construct
(psiCHECK2-ache-3"-UTR-wt or psiCHECK2-ache-3'-
UTR-mut) and a miR-193a expression plasmid using the
FuGENE HD transfection reagent (Roche Applied
Science, Indianapolis, IN, USA) [14]. The cells were
harvested 48 h after transfection. Luciferase activity was
measured using the Dual Luciferase Reporter Assay
System (Promega, USA) according to the manufacturer’s
instructions.

Infection with miR-193a lentivirus

The lentiviral pGIPZ plasmid expressing miR-193a and a
negative control miRNA were designed and synthesized
by Genechem (Shanghai, China) and named pLV-micro-
RNA193a and pLV-miR-Ctrl, respectively. Viruses were
harvested using Lenti-X Concentrator (Clontech) and
stored at —80 °C. Primary c-kit-positive CSCs were in-
fected with a lentivirus expressing pLVmicro-RNA193a or
pLV-miR-Ctrl, and the infection efficiency was determined
by measuring the expression of green fluorescent protein
(GFP) using a fluorescence microscope (Additional file 2:
Figure S1) and a qPCR analysis of miR-193a expression in
infected cells (Additional file 2: Figure S2).



Sun et al. Stem Cell Research & Therapy (2018) 9:41

Statistical analysis

The data were analyzed using SPSS software (v 11.5,
SPSS Inc.). The results are presented as the mean +
standard deviation (SD) from at least three independent
experiments, unless stated otherwise. Statistical analyses
of the differences between two groups were performed
using Student’s two-tailed ¢ test, and one-way analysis of
variance (ANOVA) was employed for comparisons
between three groups. Statistical significance was defined
as P<0.05.

Results

Phenotypic characterization of CSCs and IGF-1-induced
CSC migration and proliferation

CSCs were harvested from 2-month-old C57BL/6 mouse
hearts using gentle enzymatic digestion according to a
previously described method [16]. C-kit magnetic beads
were used to isolate CSCs by MACS. The CSCs were
characterized by flow cytometry using the following cell
surface markers: c-kit (87.42%), Sca-1 (55.97%), CD34
(1.04%), and CD45 (0.95%) (Fig. 1a). C-kit-positive CSCs
were divided into two groups, the control group and the
IGF-1 group (treated with 100 ng/ml IGF-1 for 72 h), to
determine the effects of IGF-1 on CSC migration and pro-
liferation. Based on the results of a Transwell migration
experiment, a significantly larger number of c-kit-positive
CSCs had migrated in the IGF-1 group (119.70 +21.55
cells per field) than in the control group (55.00 + 12.77
cells per field) (Fig. 1b; n=3, means*SD; P<0.05).
Additionally, according to the results of the in vitro CCK-
8 assays, the c-kit-positive CSCs in the IGF-1 group exhib-
ited markedly higher proliferation rates than the cells in
the control group (2.213+0.735 OD vs. 1+0.184 OD)
(Fig. 1c; n=3, means + SD; P<0.05). The IGF-1 group
also showed higher proliferation rates than the control
group using a BrdU method (Additional file 1: Figure S2-
2). TUNEL indicate that IGF-1-mediated effects on cell
apoptosis were no different compared with the control
group (Additional file 1: Figure S2-2). Therefore, IGF-1
regulated CSC proliferation and migration.

IGF-1 increased c-kit expression

C-kit, also known as CD117, is a well-known stem cell
marker. Because c-kit has been shown to be required for
cell migration, proliferation, and survival in different
models [9, 17, 18], we reasonably hypothesized that IGF-1
promotes the migration and proliferation of c-kit-positive
CSCs by upregulating the c-kit expression level. Therefore,
c-kit-positive CSCs were divided into two groups: the con-
trol group and the IGF-1 group (treated with 100 ng/ml
IGF-1 for 72 h). These cells were analyzed by West-
ern blotting and qPCR to determine the c-kit protein
and mRNA level, and IGF-1 upregulated c-kit expres-
sion (Fig. 2) (P<0.01).
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The PI3K/AKT pathway mediates the chemotactic and
pro-growth effects of IGF-1 on c-kit-positive CSCs

The PI3K/AKT signaling pathway, a critical pathway
downstream of IGF-1, is responsible for enhancing the
proliferation of different kinds of stem cells, as well as
increasing the migration of some cancer cells [16]. C-kit-
positive CSCs were divided into four groups, a control
group, pure IGF-1 group, LY294002 group, and IGF-1 +
LY294002 group, to explore the molecular mechanism by
which IGF-1 promotes c-kit expression in CSCs. Western
blots were used to analyze the status of the PI3K/AKT sig-
naling pathway and c-kit expression. As shown in Fig. 3a,
the levels of the phosphorylated AKT and c-kit proteins
were elevated in the IGF-1-treated group. In contrast, the
IGF-1-mediated increase in the expression of phosphory-
lated AKT and c-kit was reversed by the PI3K-specific in-
hibitor LY294002 (Fig. 3a; P<0.05). Furthermore, the
LY294002 group exhibited altered expression of phos-
phorylated AKT and c-kit; the difference was significant
compared with the control group (P < 0.05). Additionally,
the IGF-1-mediated increase in c-kit expression was
reversed by LY294002 in the qPCR experiment. Based on
the results of a Transwell migration experiment, a signifi-
cantly larger number of c-kit-positive CSCs had migrated
in the pure IGF-1 group than in the control group (Fig. 3b;
n =3, mean + SD; P < 0.05), and the effect was reversed by
the PI3K/AKT signaling inhibitor LY294002 in the IGF-1
+LY294002 group compared with the IGF-1-treated
group (P <0.05). The migration of c-kit-positive CSCs in
the LY294002 group showed a decreasing trend compared
with the control group (P <0.05). Additionally, according
to the results of the CCK-8 assays in vitro, the proliferation
rates of the c-kit-positive CSCs in the IGF-1 group were
much higher than in the control group (Fig. 3¢; n=3,
mean + SD; P < 0.05). Similarly, this effect was also reversed
by the PIBK/AKT signaling inhibitor LY294002 in the IGF-
1+LY294002 group (P<0.05). Moreover, the LY294002
group showed altered migration compared with the control
group (P<0.05). Based on these findings, the PI3K/AKT
pathway plays a pivotal role in the chemotactic and pro-
growth effects of IGF-1 on c-kit-positive CSCs.

IGF-1 upregulates DNMT expression via the PI3K/AKT
pathway

We next explored the downstream effectors of the acti-
vated PI3K/AKT signaling pathway that contributed to the
enhanced c-kit expression. The PI3K/AKT signaling path-
way has been reported to regulate DNMTs such as
DNMT1 and DNMTS3b at both the RNA and protein level
in cancer cells [19-21]. Based on our previous findings,
DNMTs, particularly DNMT1 and DNMTS3, are involved
in regulating the c-kit protein level. C-kit-positive CSCs
were divided into four groups as described above to verify
our hypothesis, and Western blotting and qPCR (Fig. 4a,
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Fig. 1 Phenotypic characterization of CSCs and IGF-1-induced CSC migration and proliferation. a Cells were identified by flow cytometry analysis
of the following cell surface markers: c-kit (87.42%), Sca-1 (55.97%), CD34 (1.04%), and CD45 (0.95%). b Representative images of migrated CSCs at
48 h (stained with crystal violet) are shown (x100 magnification). ¢ CSCs were stimulated with 100 ng/ml insulin-like growth factor-1 (IGF-1) for
72 h. A CCK-8 assay was used to analyze cell proliferation. The data were obtained from at least three independent experiments and are
expressed as the mean £ SD. *P < 0.05, **P < 0.01, IGF-1 versus the control (CON) group

b) revealed that the expression of the DNMT1 and
DNMT3B mRNAs and proteins was significantly upregu-
lated in the IGF-1-treated group compared with the con-
trol group (P<0.05), whereas the expression of the
DNMT3a protein was similar in both groups (P > 0.05).
Moreover, the increased expression of DNMT1 and
DNMT3 was reversed when LY294002 was administered
30 min before the IGF-1 treatment compared with the
pure IGF-1-treated group (P<0.05). Furthermore, the
effects of 5-azacytidine (5-AZA), a well-known inhibitor
of DNA synthesis, on c-kit expression were assessed, as
shown in Fig. 4c. 5-AZA clearly inhibited the catalytic ac-
tivity of DNMTs in the 5-AZA + IGF-1 group compared
with the control group and the IGF-1 group, respectively.
Based on the results of the qPCR and Western blot assays,
5-AZA blocked the IGF-1-mediated increase in c-kit

expression at both the mRNA and protein levels (Fig. 4c;
P <0.05). Thus, IGF-1 might upregulate c-kit expression
via a PI3K/AKT/DNMT-dependent mechanism.

miR-193a expression was downregulated in the IGF-1-
stimulated group and negatively correlated with c-kit
expression

In general, DNMTs negatively regulate the expression of
downstream genes. However, DNMT activity was posi-
tively correlated with c-kit expression. Thus, we reason-
ably hypothesized that an important negative regulator of
c-kit expression was controlled by DNMTs. In previous
studies, miR-193a has been shown to be embedded in a
CpG island and epigenetically repressed by promoter
hypermethylation in leukemia cell lines, primary acute
myeloid leukemia (AML) blasts, and ovarian cancer stem
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Fig. 2 IGF-1 increased c-kit expression. CSCs were stimulated with 100 ng/ml insulin-like growth factor-1 (IGF-1) for 72 h. Western blots show that IGF-1
upregulates the expression of c-kit protein. gPCR results show that IGF-1 upregulates the expression of the c-kit mRNA. *P < 0.05, IGF-1 versus the control

cells [14, 22]. Furthermore, the miR-193a level was
reported to be negatively correlated with c-kit levels in
these cells [17]. Hence, we measured miR-193a expression
in cells with or without IGF-1 treatment. Based on the
qPCR results, the IGF-1 treatment downregulated the
expression of miR-193a compared with the control group
(Fig. 53; P<0.01). Subsequently, luciferase activity was
measured in 293 T cells co-transfected with a reporter
construct (psiCHECK2-ache-3'-UTR-wt or psiCHECK2-
ache-3'-UTR-mut) and a miR-193a expression plasmid.
Micro-RNA193a hybridized with its predicted binding
sites in the c-kit 3'-UTR (Fig. 5b; P < 0.01). We analyzed
the methylation status of CpGs in the has-miR-193a pro-
moter c-kit-positive CSC control group or the group
treated with IGF-1 using bisulfite genome sequencing. As
expected, the IGF-1 group showed a higher level of CpG
methylation in the has-miR-193a promoter region com-
pared with the control group, and this effect was partially
blocked by 5-AZA (Fig. 5c¢). Isolated CSCs were treated
with IGF-1, IGF-1 + 5-AZA, or 5-AZA alone to examine
whether DNMTs regulated miR-193a expression. Accord-
ing to the results of the qPCR assay, miR-193a expression
was upregulated in the IGF-1+5-AZA group compared
with the IGF-1 group (Fig. 5d; P<0.05). Subsequently,
CSCs were infected with a control lentivirus or a lentivirus
carrying miR-193a with or without IGF-1 stimulation.
Following PBS administration, c-kit expression was com-
parable between CSCs infected with the two viruses. How-
ever, the IGF-1-induced increase in c-kit expression was
significantly blunted by miR-193a overexpression (Fig. 5e;
P <0.05). In addition, IGF-1-mediated CSC migration and

proliferation were also inhibited by miR-193a overexpres-
sion (Fig. 5f, g; P <0.05). The expression of miR-193a was
downregulated in the IGF-1-stimulated group and nega-
tively correlated with c-kit expression.

Discussion

C-kit-positive CSCs are a promising strategy for improv-
ing the environment within infarcted heart areas to
enhance the quality of life in patients with CVD. A
better understanding of the factors that promote c-kit-
positive CSC migration, proliferation, and survival would
help overcome the limitations of CSC therapy and pro-
vide promising targets for the treatment of CVD. Based
on the findings of the present study, IGF-1 upregulated
c-kit expression through a PI3K/AKT/DNMT pathway-
dependent mechanism. Specifically, IGF-1 promoted the
activation of PI3K/AKT signaling in CSCs by inducing
AKT phosphorylation, resulting in DNMT activation;
these effects were reversed by LY294002. Activated
DNMTs then repressed miR-193a expression through
promoter hypermethylation. In addition, miR-193a tar-
geted the 3'-UTR of the c-kit mRNA to downregulate c-
kit expression in c-kit-positive mouse CSCs. These
results elucidate the molecular mechanism underlying
the positive regulatory effects of IGF-1 on c-kit expres-
sion which plays an important role in c-kit-positive CSC
migration and proliferation.

C-kit-positive CSCs were first separated and identified
in a rodent model in 2003 [18] and were then viewed as a
regenerative cell type that was able to differentiate into all
cardiac lineages, including cardiomyocytes, endothelial
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Fig. 3 The PI3K/AKT pathway mediated the chemotactic and pro-growth effects of IGF-1 on c-kit-positive CSCs. a CSCs treated with PBS or 100 ng/ml
insulin-like growth factor-1 (IGF-1) for 72 h, treated with 50 uM LY294002, or pretreated with 50 uM LY294002 for 30 min and then stimulated with
100 ng/ml IGF-1 for 72 h. Western blots show that IGF-1 upregulates the expression of the p-AKT and c-kit proteins compared with the control (CON)
group (P < 0.05), and this effect is blocked by LY294002 (P < 0.05). The LY294002 group exhibited reduced p-AKT and c-kit expression (P < 0.05). g-PCR
analysis of c-kit expression. The data were obtained from three independent experiments and are expressed as the mean + SD; n = 3. *P < 0.05, between
groups indicated. b Representative images of migrated CPCs at 48 h (stained with crystal violet) are shown (x100 magnification). The data were obtained
from three independent experiments and are expressed as the means + SD; n = 3. *P < 0.05, between groups indicated. ¢ A CCK-8 assay was used to
analyze cell proliferation. The data were obtained from at least three independent experiments and are expressed as the means + SD. *P < 0.05, between

groups indicated

cells, and smooth muscle cells. Therefore, over the past
two decades, c-kit-positive CSCs have been implanted into
different animal models, and have shown promising re-
sults in treating left ventricular dysfunction, heart failure,
and chronic ischemic cardiomyopathy [23-25]. In clinical
studies [24], c-kit-positive CSCs exerted beneficial effects
on left ventricular function, improved patient quality of
life, and reduced the infarct size. However, based on
experiments from different laboratories [26, 27], contro-
versy exists regarding the ability of minimally c-kit-
positive CSCs to differentiate into cardiomyocytes.

Notably, the differentiation of c-kit-positive CSCs into
non-cardiomyocytes and their paracrine effects may play
an important role in cell therapy [25, 27-29]. Therefore,
the study of the migration and proliferation of c-kit-
positive CSCs has far-reaching significance.

As shown in our previous investigation, increased c-kit
expression enhanced the proliferation and migration of
c-kit-positive CSCs in mice [30]. Consistent with these
findings, c-kit activation increased the growth and
survival of human c-kit-positive CSCs and reduced CSC
apoptosis under serum starvation or even oxidative
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Fig. 4 IGF-1 upregulated DNMTs via the PI3K/AKT pathway. a gPCR analysis of DNA methyltransferase (DNMT)1, DNMT3a, and DNMT3[3 expression in
CSCs treated with PBS or 100 ng/ml insulin-like growth factor-1 (IGF-1) for 72 h, pretreated with 50 uM LY294002 for 30 min and then stimulated with
100 ng/ml IGF-1 for 72 h or treated with 50 uM LY294002. GAPDH expression was measured as a control (CON). The data were obtained from at least
three independent experiments and are expressed as the mean + SD. b Western blot analysis of DNMT1, DNMT3a, and DNMT3 expression in CSCs
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protein. g-PCR analysis of c-kit expression. The data were obtained from three independent experiments and expressed as the mean + SD; n= 3. *P < 005,
between groups indicated. NS not significant

stress conditions. During these processes, both the
PI3K/AKT and MEK/ERK pathways were responsible for
the effects of c-kit [6]. The present study focused on
molecules downstream of the PI3K/AKT pathway, which
clarified the mechanism underlying the pro-survival
effects of IGF-1 on c-kit-positive CSCs. Furthermore,
IGF-1-mediated activation of the PI3K/AKT pathway
enhanced CSC migration and proliferation by upregulat-
ing c-kit expression.

AKT stabilizes DNMT1 by phosphorylating Ser 143,
and the dephosphorylation of this site makes DNMT1
vulnerable to ubiquitin-mediated proteasomal degrad-
ation [31]. In multiple human cell lines, such as bladder

cancer and prostate cancer cells, levels of the DNMT1
and DNMT3p proteins are modulated by the PI3K/
AKT/glycogen synthase kinase 3p (GSK3p) signaling
pathway. Specifically, activated PI3K/AKT stabilizes the
DNMT1 protein by inhibiting the ubiquitin/proteasome-
mediated degradation of DNMT1 [19, 21]. Consistent
with previous reports, the expression of DNMT1 and
DNMTS3p in c-kit-positive CSCs was significantly upreg-
ulated by IGF-1-induced PI3K/AKT activation in our
study. Additionally, a rescue experiment using 5-AZA, a
specific inhibitor of DNMT activity, revealed that
elevated DNMT protein levels are required for IGF-1-
induced c-kit upregulation.
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Fig. 5 miR-193a expression was downregulated in the IGF-1-stimulated group and negatively correlated with c-kit expression. a gPCR was
performed to analyze the expression of miR-193a. The data were obtained from three independent experiments and are expressed as the mean + SD;
n=3.*P <001, versus the control (CON) group. b The putative c-kit binding sequence GAGCA was mutated to CUCGU. The X" indicates the deleted
miRNA-binding site, WT represents the wild-type sequence, and mut represents the mutant sequence. The graph below shows the normalized mean
luciferase activity values of cells transfected with the miRNA expression plasmid compared with cells transfected with the empty vector pcDNA3.0; the
luciferase activity of cells transfected with the pcDNA3.0 control plasmid was set to 1.0. The bars represent the SD. **P < 0.01. ¢ CSCs were divided into the
following groups: normal controls (NC), 100 ng/ml insulin-like growth factor-1 (IGF-1) for 72 h, 1 uM 5-azacytidine (5-AZA) for 72 h, and both IGF-1 and
5-AZA. gPCR was performed to analyze miR-193a expression. The data were obtained from three independent experiments and are expressed
as the mean £ SD. *P < 0.05, between groups indicated. d Bisulfite pyrosequencing analysis of the DNA methylation status of the miR-193a promoter
region in c-kit positive CSCs. @ CSCs were infected with a control lentivirus or a lentivirus expressing miR-193a and stimulated with PBS or 100 ng/ml
IGF-1 for 72 h. Western blots were performed to analyze the expression of the c-kit and GAPDH proteins. The data were obtained from at least three
independent experiments and are expressed as the mean =+ SD. *P < 0.05, between groups indicated. f Representative images of migrated CPCs at 48 h
(stained with crystal violet) are shown (X100 magnification). The data were obtained from three independent experiments and are expressed as the mean
+SD; n=3. *P < 005, between groups indicated. g CCK-8 assay of c-kit-positive CSCs from the different groups described above. The data were obtained

from three independent experiments and are expressed as the mean + SD; n = 3. *P < 0.05, versus the control group

J

DNA methylation, an epigenetic modification that
occurs at CpG islands, is considered a vital mechanism
regulating gene expression. According to several studies,
miR-193a is embedded in a CpG island, and hypermethy-
lation of the miR-193a promoter results in its epigenetic
silencing in AML [14, 20], non-small cell lung cancer [32],
and ovarian cancer [22]. Although the role of miR-193a in
c-kit-positive CSCs was unclear, we hypothesized that
IGF-1/PI3K/AKT-induced DNMT activation would epige-
netically silence miR-193a expression, eventually leading
to c-kit upregulation in CSCs. This hypothesis was
validated by our experiments.

This study elucidates the underlying mechanism by
which IGF-1 upregulates c-kit expression to promote the
migration and proliferation of c-kit-positive resident
CSCs. Our study is the first to show that miR-193a nega-
tively changed c-kit expression is modulated by DNMT
activity. In our study, the expression of miR-193a and
c-kit was decreased by infection with a miR-193-
expressing lentivirus or 5-AZA treatment. Moreover,
miR-193a expression was altered following the inhibition
of the PI3BK/AKT pathway. This finding differs from a
report showing that forkhead box O3a (FoxO3a) altered
the expression of key downstream regulators of the cell
cycle in c-kit-positive CSCs [9]. Our study focused on
the epigenetic regulation of gene expression. We
revealed the involvement of DNA methylation and the
role of miR-193a in regulating gene expression, and the
results verify that IGF-1 improved the proliferation of
c-kit-positive CSCs as a potential treatment for cardiac
regeneration. These findings suggest approaches for
maintaining the physiological characteristics of c-kit-
positive CSCs and overcoming their limited migration
and proliferation in the future.

However, the mechanism of c-kit modulation is quite
complicated and may be linked with other cell signaling
pathways (such as PTEN) [33]. Recently, some specific
microRNAs were reported to mediate the regulation of
DNMT modulation; miR-29b repressed DNMT3a and

DNMT3p expression directly and DNMT1 indirectly in
AML [34]. While our present study only focused down-
stream of DNMTs, we propose to further study in the
future how DNMTs are regulated by IGF-1. In
addition, other microRNAs (miR-137, miR-218) may
bind to the 3-UTR of c-kit mRNA and modify the
c-kit expression level. These problems should be
addressed in future studies.

Conclusions

IGF-1 upregulated c-kit expression in c-kit-positive CSCs,
resulting in enhanced CSC proliferation and migration, by
activating the PI3K/AKT/DNMT signaling pathway to
epigenetically silence miR-193a, which negatively modifies
the c-kit expression level.
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