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miR-199a-5p inhibited HIF-1a to suppress the proliferation, migration,
and differentiation of cardiac stem cells

Sha Li,' Cuigai Zhang,' Yanping Liu,' Cuiqiao Meng,! Yang Xie,' Shuren Li*!

"Medical Examination Center; >Department of Cardiovascular Diseases, Hebei General Hospital, Shijiazhuang City, Hebei, China

The cardiac stem cells (CSCs) are essential in improving myocardial infarction (MI). Although miR-199a-5p
and hypoxia-inducible factor-1 alpha (HIF-1a) were proven to participate in the process of heart repair, the
related mechanisms are still unclear. This study aimed to explore the effects of miR-199a-5p and HIF-1a on c-
kit" cells and their regulatory mechanisms. After isolating, purifying, and identifying CSCs (c-kit" cells) from
mice, they were subjected to a hypoxia model. After the c-kit* cells were transfected with corresponding trans-
fectants, the CCK-8, EdU staining, and wound healing approaches were used to evaluate their cell viability,
proliferation, and migration. The targeted relation between miR-199a-5p and HIF-1a was determined using a
dual-luciferase reporter. Immunofluorescence staining, RT-qPCR, and Western blot approaches were employed
to determine Nkx2.5, CD31, a-SMA, miR-199a-5p, and HIF-1a expression. Overexpressing miR-199a-5p and
knocking down HIF-1a both inhibited the cell viability (p<0.01), reduced the proliferation (p<0.05), sup-
pressed the migration (p<0.001), and downregulated the Nkx2.5, CD31, and a-SMA expression of c-kit" cells
(»<0.05). Overexpressing HIF-1a effectively reversed the effects of overexpressing miR-199a-5p on c-kit* cells
(»<0.05). Taken together, miR-199a-5p negatively targeted HIF-1a to inhibit the proliferation, migration, and
differentiation of c-kit" cells.
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Introduction

Myocardial infarction (MI) severely threatens human health,
which induces the reduction of the number of cardiomyocytes and
even cardiomyocyte necrosis. Due to the lack of regenerative abil-
ity in mature cardiomyocytes, the infarcted myocardium is
replaced by non-contractile scar tissue through fibrosis to maintain
cardiac function, which induces ventricular remodeling.! The ven-
tricular remodeling, characterized by disorder of myocardial struc-
ture, decreased contractility, insufficient blood supply, and
impaired myocardial contraction and relaxation function, ultimate-
ly progresses to heart failure and sudden death.? The current thera-
pies have made great progress in treating MI, such as the early
intervention therapy that opens occluded blood vessels, the coro-
nary artery bypass graft that restores blood supply in the distal
occluded blood vessels, and drug treatments that improve symp-
toms and reduce the risk of coronary heart disease. However, these
methods cannot meet the requirements to prevent apoptosis after
the blood reconstruction. In addition, although heart transplanta-
tion fundamentally achieves the therapeutic goal, the immune
exclusion reactions, limited donor numbers, and high costs limit its
clinical application.’ Therefore, stem cells with biological func-
tions of replacing, repairing, and enhancing damaged myocardial
tissue have become a research hotspot for MI treatment.

Although cardiac stem cells (CSCs) contribute to treating MI
because they can differentiate into cardiac cell lines, the specific
mechanisms of CSCs for the treatment of MI are still not entirely
clear.* There are currently two main perspectives for CSCs in treat-
ing MI, namely the direct differentiation effect and the paracrine
effects. Many studies have shown that the isolated CSCs directly
differentiate into diverse cell types related to the cardiovascular
system in vitro, and promote the improvement of cardiac function
after being transplanted into ischemic areas in vivo.> In addition,
an increasing number of studies indicated that transplanted CSCs
exert their therapeutic effects on cardiovascular diseases by secret-
ing cytokines or growth factors, namely hypoxia-inducible factor-
1 alpha (HIF-1a).” Previous studies demonstrated that HIF-1a
facilitated the migration, proliferation, differentiation, and angio-
genesis of CSCs in vitro and recruited endogenous CSCs to inhibit
apoptosis of infarcted cardiomyocytes, resist myocardial remodel-
ing, and improve cardiac function in vivo.®® However, it is not yet
clear which factor regulates HIF-la expression after MI.
Therefore, we aim to investigate the upstream regulatory mecha-
nisms of HIF-1a in CSCs, providing novel therapeutic targets for
MI.

With the increasing studies on ncRNAs (including miRNAs,
IncRNAs, circRNAs), it gradually recognized that ncRNAs have
made great contribution in treating cardiovascular diseases, espe-
cially for ML!%12 MiRNAs, with a length of approximately 22
nucleotides, contribute to treating pathological cardiac hypertro-
phy, MI, and arrhythmia by regulating the effects after CSCs trans-
plantation, such as differentiating into cardiomyocytes and
paracrine effects.!> miR-199a-5p, one of miRNAs, participates in
multiple cardiovascular diseases because of its essential role in
modulating stem cell differentiation, angiogenesis, and apoptosis.'*
It was demonstrated that miR-199a-5p promotes osteogenic differ-
entiation of human stem cells."> However, the roles of miR-199-5p
in CSCs are still unclear. It was reported that overexpressing miR-
199a-5p inhibited the angiogenesis of human renal microvascular
endothelial cells and promoted cell apoptosis by regulating
Wnt7b/Wnt/B-catenin signaling pathway.!® It was also affirmed
that the intravenous delivery of miR-199a-5p into rats contributed
to the repair of MI, and the miR-199a-5p-mediated
SIRT1/P300/Yy1/sST2 signaling pathway participated in regulat-
ing ML!7!18 Tt can be seen that the investigation and intervention
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targeting miR-199a-5p are expected to be novel strategies for pre-
venting and treating MI. However, it is still unclear whether miR-
199a-5p alleviates MI by regulating HIF-1a. Therefore, after iso-
lating, purifying, and identifying c-kit" cells (one kind of CSCs)
from mice, they were subjected to a hypoxia model, one extensive-
ly used in vitro model to simulate MI. Meanwhile, the c-kit+ cells
were respectively transfected with miR-199a-5p mimics, si-HIF-
la, and oe-HIF-1a to investigate the effects of miR-199a-5p and
HIF-1a on c-kit" cells and their related regulatory mechanisms,
providing a novel therapeutic strategy for MI.

Materials and Methods

Materials

IMEM culture medium (Lot. A1048901), DMEM/F12 culture
medium (Lot. 12634010), fetal bovine serum (FBS, Lot.
A5670701), and 0.1% collagenase II (Lot. 17101015) were pur-
chased from Gibco (Grand Island, NY, USA). Lipofectamine TM
3000 (Lot. L3000015) was bought from Thermo Fisher Scientific
(Waltham, MA, USA). The CCK-8 agent (Lot. BA00208) was
obtained from Bioss (Beijing, China). The EdU staining kit (Lot.
C0071S), the dual-luciferase reporter gene detection kit (Lot.
RGO027), and the Trizol agent (Lot. RO016) were bought from
Beyotime (Shanghai, China). The HiScript 1l 1st strand cDNA
synthesis kit (Lot. R312) and Taq pro universal SYBR qPCR mas-
ter mix (Lot. Q712) were bought from Vazyme (Nanjing, China).
The antibodies of c-kit (Lot. ab317843), CD34 (Lot. ab316277),
CD45 (Lot. ab317446), Nkx2.5 (Lot. ab97355), CD31 (Lot.
ab222783), and a-SMA (Lot. ab7817) were purchased from
Abcam (Cambridge, UK). The antibodies of HIF-1a (Lot. 82989-
4-PBS), B-Tubulin (Lot. #2146), and Scal-1 (Lot. 12-5981-82)
were bought from Proteintech (Wuhan, China), Cell Signaling
Technology (Danvers, MA, USA), and ThermoFisher Scientific,
respectively.

Isolation and culture of CSCs

The CSCs were isolated according to the previous study.” All
two-month-old male C57BL/6 mice (weighing 18-23 g) were
adaptively fed in Guangzhou Laidi Biomedical Research Institute
Co., Ltd for two weeks. During the adaptive periods, the mice had
free access to food and water in surroundings of about 22°C and
approximately 55% humidity. After finishing the adaptation and
being anesthetized with pentobarbital sodium, mice were executed.
The hearts were isolated and cut into tissue blocks (1 X 1 x 1 cm)
on the sterile workbench. After that, the tissue blocks were trans-
ferred into the digestive enzyme that was composed of 0.25%
trypsin and 0.1% collagenase II at 37°C. Then, the digested
myocardial tissue was incubated with a Matrigel-covered cell cul-
ture plate for 2 weeks at 37°C. Finally, the survived cells on the
plate were digested by the Accutase™ enzyme and transferred into
a medium composed of 78% IMDM culture medium supplemented
with B-mercaptoethanol, 20% FBS, and 1% L-glutamine, peni-
cillin, and streptomycin for further culture.

Purification and culture of c-kit" cells

The c-kit" cells were purified based on the immunomagnetic
bead separation approach.?’ After the cells were collected, they
were washed by 500 pL buffer twice and incubated with 10 pL c-
kit-labeled beads at 4°C for 15 min. Then, after supplementing
with 500 pL buffer, the mixed solution was loaded into a separa-
tion column. The effluent was gathered and transferred to a cell
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culture dish supplemented with the cultural medium composed of
86% DMEM/F12 culture medium supplemented with B-mercap-
toethanol, 10% FBS, 2% B27 serum-free additive, 1% L-glu-
tamine, 1% penicillin, and streptomycin for further culture.

Identification of c-kit* cells

After collecting the effluent cells, they were resuspended and
respectively incubated with FITC-c-kit antibody, FITC-Sca-1 anti-
body, FITC-CD34 antibody, and FITC-CD45 antibody at 4°C for
30 min in the dark. After that, the c-kit, Sca-1, CD34, and CD45
expression of approximately 1 x 10* cells was determined by three
independent experiments using an Attune NxT flow cytometer
(Thermo Fisher Scientific) after additionally supplementing with
400 pL buffer.

Cell transfection

The employed lentivirus transfectants in the present study,
including NC mimics, miR-199a-5p mimics, si-NC, si-HIF-1a, oe-
NC, and oe-HIF-10, were synthesized and bought from Sangon
Biotech (Shanghai, China). After identifying c-kit" cells, the corre-
sponding lentivirus transfectants were co-cultured with them for
72 h to accomplish the transfection following the operation
instructions of Lipofectamine TM 3000.

Hypoxia model

The hypoxia model was performed according to the previous
study with a slight modification.?! In brief, the logarithmically
growing c-kit" cells were transferred into an anoxic surrounding
(1% O,, 5% CO,, and 94% N,) for a 24 h to accomplish the hypox-
ia model.

Cell experiment protocol

To investigate the effects of miR-199a-5p on c-kit" cells, they
were randomly separated into three groups, namely the control,
NC mimics, and miR-199a-5p mimics groups. Apart from c-kit"
cells in the control group being conventionally cultured, cells in
the other two groups were transfected with the corresponding
transfectants. To investigate the effects of inhibiting HIF-1a on c-
kit* cells under the hypoxic environment, they were stochastically
separated into four groups, namely the control, model, si-NC, and
si-HIF-1a groups. Apart from the c-kit" cells in the control group
being conventionally cultured, the c-kit" cells in other groups were
exposed to the hypoxia condition. Besides, the c-kit" cells in the
last two groups were transfected with the corresponding transfec-
tants. To investigate whether overexpressing HIF-1a reversed the
effects of miR-199a-5p on c-kit" cells under hypoxic surroundings,
they were randomly separated into six groups, including the con-
trol, model, NC mimics, miR-199a-5p mimics, miR-199a-5p mim-
ics + 0e-NC, and miR-199a-5p mimics + oe-HIF-1a groups. The c-
kit" cells in the control group were conventionally cultured and
were exposed to the hypoxia condition in the other groups. Cells in
the last four groups were transfected with the corresponding trans-
fectants.

CCK-8

In short, after finishing the corresponding operations, the 10
pL CCK-8 was incubated with c-kit* cells. Then, the absorbance at
450 nm was measured, and cell viability was calculated based on
absorbance.

EdU staining

Generally, after accomplishing the corresponding operations,
the EAU solution was incubated with c-kit" cells. After that, cells
were further immersed in the Click-iT mixture in the dark after
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they were fixed with 4% paraformaldehyde. Finally, cells were
immersed in DAPI for 5 min in the dark at room temperature
before they were visualized in three different fields under a magni-
fication of 200x using a BZ-H4XD fluorescence microscope
(Keyence, Osaka, Japan). With the help of Image J, the positively
stained rate of EAU was determined to assay cell proliferation in
three independent experiments.

Wound healing assay

In short, after completing the corresponding operations, the
vertical parallel scratches with a space of 1 cm were conducted.
Then, c-kit" cells were incubated in the serum-free medium for a
further 24 h. The widths of scratches of c-kit" cells at 0 h and 24 h
were quantified using ImagelJ to assay migration.

Immunofluorescence

In brief, after finishing the corresponding operations, c-kit"
cells cultured on the cell crawling slide were fixed with 4%
paraformaldehyde for 15 min. For the determination of Nkx2.5,
after c-kit" cells were permeabilized by 0.5% TritonX-100 for 5
min and blocked by the bovine serum albumin for 40 min at room
temperature, they were incubated with anti-Nkx2.5 (1:2000)
overnight at 4°C and immersed in the Cy3-labeled goat anti-rabbit
antibody (1:200) for 50 min. Finally, after being stained by DAPI,
c-kit" cells were visualized in three different fields under a magni-
fication of 200x using the fluorescence microscope. The difference
in the procedure between determining a-SMA and determining
Nkx2.5 was that the 0.5% TritonX-100 was not used. The differ-
ences in the procedure between determining CD31 and determin-
ing Nkx2.5 were that the 0.5% TritonX-100 was not used, and the
FITC-labeled goat anti-rabbit antibody (1:200) was used as the
secondary antibody. The immunofluorescence staining was per-
formed in three independent experiments, and the stained results
without incubating with primary antibodies were considered as the
negative control. The ImagelJ software was used to evaluate the
fluorescence intensity of positively stained Nkx2.5 co-located with
the nucleus and positively stained a-SMA and CD31 around the
nucleus.

Dual-luciferase report

The potential targeted relation between miR-119a-5p and HIF-
lo was predicted by the Target Scan website (http://targetscan.
org/). After the wild-type and mutant-type 3’UTR of HIF-1a were
respectively cloned into luciferase vectors, the luciferase activity
of c-kit" cells that were respectively transfected with the above
vectors, NC mimics, and miR-119a-5p mimics was detected.

RT-qPCR

After the total RNAs in c-kit" cells with corresponding opera-
tions were extracted by using the Trizol agent, the cDNAs were
synthesized by reverse transcription of RNAs. Then, the cDNA
amplification was performed. The reverse transcription and ampli-
fication processes were performed in the RT-qPCR instrument.
Gene expression levels were calculated using the 2744 approach.
The sequences of upstream and downstream primers are listed in
Table 1, among which U6 and GAPDH are internal references.

Western blot

After proteins in c-kit" cells with corresponding operations
were isolated by RIPA lysis solution, the total proteins were dena-
tured in boiling water. Then, the denatured proteins were loaded on
an SDS-PAGE gel for separation. Next, after transferring proteins
to membranes, they were blocked with skim milk and were
immersed in the primary antibodies at 4°C for one night, including
anti-HIF-1a (1:2000) and anti-B-tubulin (1:2000) antibodies.

[European Journal of Histochemistry 2025; 69:4239]



Article

Finally, after the membranes were immersed in HRP-labeled goat
anti-rabbit antibody (1:2000) and stained with ECL chemilumines-
cent substrate, the grayscale value of each blot was quantified by
Imagel software.

Statistical analysis

Data presented as mean + SD originated from at least three
biological replicates and three independent experiments, and
were analyzed using one-way ANOVA followed by Tukey’s
post-hoc test with the help of GraphPad Prism 8.0.2 (La Jolla,
CA, USA). In addition, the Bonferroni correction, Shapiro-Wilk
test, and Levene’s test were used for the adjustment of multiple
comparisons and the assessment of the normality and homo-
geneity of variance, respectively. A p-value <0.05 means statis-
tically significant.
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Results

Identification of c-kit+ cells

After the purification, the biomarkers of c-kit" cells were iden-
tified. In the purified c-kit" cells, the positive rates of c-kit, Scal-1,
and CD34, as well as CD45, were 100% and 0%, respectively
(Figure 1). The above results demonstrated that we obtained high-
purity c-kit* cells, which were used for the subsequent studies.

Effects of overexpressing miR-199a-5p on c-kit*
cells

The miR-199a-5p expression level in the NC mimics group
was similar to the control group, and in the miR-199a-5p mimics
group was dramatically higher than the NC mimics group, suggest-
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Figure 1. Identification of c-kit" cells. The three biomarkers of c-kit" cells, including c-kit (A), Scal-1 (B), CD34 (C), and CD45 (D), were
identified using the flow cytometry. Data were obtained from three independent experiments.

Table 1. RT-qPCR primer sequences.

Gene Forward Reverse

miR-199a-5p GCGCTTGTCCATCAGACTTG AGTGCAGGGTCCGAGGTATT
Nkx2.5 CTTCGTGAACTTTGGCGTCG CGCCCTTCTCCTAAAGGTGG
CD31 AGCCTAGTGTGGAAGCCAAC AAGGGAGCCTTCCGTTCTCT
o-SMA GTACCACCATGTACCCAGGC GCTGGAAGGTAGACAGCGAA
HIF-1a AGTGCTGATCCTGCACTGAA AGGCTGGGAAAAGTTAGGAGTG
U6 TCTCGTCTGATCTCGGAAGC AGCCTACAGCACCCGGTAT
GAPDH CCCTTAAGAGGGATGCTGCC TACGGCCAAATCCGTTCACA
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Figure 2. Effects of overexpressing miR-199a-5p on c-kit™ cells. A) The miR-199a-5p expression level of c-kit™ cells after overexpressing
miR199a-5p was detected by RT-qPCR (n=3). B) The cell viability of c-kit" cells after overexpressing miR199a-5p was detected by the
CCK-8 approach (n=6). C) The EdU staining results of c-kit" cells after overexpressing miR199a-5p; scale bar: 50 um. D) The EAU pos-
itively stained rate of c-kit" cells after overexpressing miR199a-5p (n=3). E) The wound healing of c-kit" cells after overexpressing
miR199a-5p; scale bar: 100 um. F) The migration rate of c-kit" cells after overexpressing miR199a-5p (n=3). G) The IF staining results
of Nkx2.5, CD31, and a-SMA of c-kit" cells after overexpressing miR199a-5p; scale bar: 50 um. The fluorescence intensity of Nkx2.5
(H), CD31 (I), and a-SMA (J) of c-kit" cells after overexpressing miR199a-5p (n=3). The mRNA expression levels of Nkx2.5 (K), CD31
(L), and a-SMA (M) of c-kit" cells after overexpressing miR199a-5p were detected by RT-qPCR (n=3). Data were obtained from three

independent experiments and were analyzed using one-way ANOVA followed by Tukey’s post-hoc test. ***p<0.001 and **p<0.01 vs the
NC mimics group.
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ing that NC mimics and miR-199a-5p mimics were successfully
transfected (p<0.001, Figure 2A). The CCK-8 approach, EdU
staining, wound healing, RT-qPCR, and IF approaches were subse-
quently used to determine the effects of overexpressing miR-199a-
Sp on c-kit" cells. The cell viability (»p<0.001), the EAU positively
stained cell number (p<0.01), the migrated cell (»p<0.001), and
Nkx2.5 (p<0.001), CD31 (»<0.001), and a-SMA (p<0.001)
expression of c-kit" cells in the miR-199a-5p group were promi-
nently lower than the NC mimics group, demonstrating overex-
pressing miR-199a-5p inhibited the cell viability, proliferation,
migration, and differentiation of c-kit" cells (Figures 2 B-M).

Effects of knocking down HIF-1a on c-kit* cells

The HIF-1a expression was detected to determine whether si-
NC and si-HIF-lo were successfully transfected. The HIF-la
expression was significantly upregulated after establishing the
hypoxic model (p<0.001). Meanwhile, the HIF-la expression
level in the si-NC group was similar to the model group, and in the
si-HIF-1a group was prominently lower than the si-NC group
(»<0.01), indicating that si-NC and si-HIF-1o were successfully
transfected (Figures 3 A-C). The CCK-8 approach, EdU staining,
wound healing, RT-qPCR, and IF approaches were subsequently
used to determine the effects of knocking down HIF-1a on c-kit"
cells. After establishing the hypoxic model, the cell viability
(»<0.001), EdU positively stained cell number (p<0.01), the
migrated cell (p<0.001), and Nkx2.5 (»p<0.001), CD31 (»p<0.001),
and a-SMA (p<0.001) expression were substantially downregulat-
ed (Figures 3 D-0). In addition, knocking down HIF-1a further
reduced the above indicators (p<0.05), confirming that knocking
down HIF-1a inhibited the cell viability, proliferation, migration,
and differentiation of c-kit" cells.

MiR-199a-5p targeted and suppressed HIF-1a

As the above results affirmed that overexpressing miR-199a-
5p and knocking down HIF-1a suppressed the cell viability, prolif-
eration, migration, and differentiation of c-kit" cells, we subse-
quently explored whether there was a targeted relationship
between miR-199a-5p and HIF-1a. It was attested that overex-
pressing miR-199a-5p reduced HIF-la expression (p<0.01,
Figures 4 A-C). After that, the targeted relation between miR-199a-
Sp and HIF-1a was determined through the dual-luciferase report
experiment. As presented in Figure 4D, there were potential bind-
ing sites between HIF-lo and miR-199a-5p. In addition, miR-
199a-5p mimics could not alter the relative luciferase unit (RFU)
of HIF-1a-MUT but downregulated the RFU of HIF-1a-WT
(p<0.01, Figure 4E). Moreover, the miR-199a-5p expression level
was prominently downregulated (p<0.001), and the HIF-la
expression level was dramatically upregulated (p<0.001) under the
hypoxic condition. Overexpressing miR-199a-5p prominently
reduced the HIF-1a expression level under the hypoxic condition
as well (p<0.01, Figures 4 F-I). The above results affirmed that
miR-199a-5p targeted and suppressed HIF-1a.

Overexpressing HIF-1a reversed the effects
of overexpressing miR-199a-5p on c-kit" cells

As we have already affirmed the targeted relation between
miR-199a-5p and HIF-1a, we subsequently explored the effects of
overexpressing HIF-1o on miR-199a-5p-upregulated c-kit™ cells.
The hypoxic model significantly decreased the cell viability
(»<0.001), EdU positively stained cell number (p<0.001), the
migrated cell (»p<0.01), and Nkx2.5 (p<0.001), CD31 (p<0.001),
and a-SMA (p<0.001) expression of c-kit™ cells. Overexpressing
miR-199a-5p further reduced the above indicators (p<0.01).
Compared with the miR-199a-5p mimics + oe-NC group, the lev-
els of the above indicators were significantly upregulated in the
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miR-199a-5p mimics + oe-HIF-1a group (p<0.05), proving that
overexpressing HIF-1a reversed the effects of up-regulated miR-
33a-5p on c-kit" cells (Figure 5 A-L).

Discussion

In recent years, stem cells have been considered a promising
means of heart repair. Previous studies demonstrated that c-kit"
cells, one kind of CSCs, were involved in tumorigenesis, angio-
genesis, and maintenance of progenitor cells, and their prolifera-
tion, migration, and differentiation were essential to the regenera-
tion of cardiomyocytes.??>?3 Therefore, this study aims to explore
the relationship between miR-199a-5p and HIF-lo and their
effects on c-kit™ cells, finding safe and effective treatment strate-
gies to protect patients from the harm of MI.

miR-199a-5p, a member of the microRNA family enriched in
the myocardium, binds with specific genes that are involved in car-
diomyocyte regeneration, cell apoptosis, neovascularization, and
cardiac remodeling.?*?¢ The previous study reported that miR-
199a-5p was elevated in atrial fibrillation and sinus arrhythmia
patients based on a circulating miRNA profile analysis of patients
with reduced ejection fraction.?’ It was also found that miR-199a-
5p was upregulated in cardiomyocytes of mice after MIL!®
However, our study demonstrated that miR-199a-5p was downreg-
ulated in c-kit" cells. We speculated that the differences in miR-
199a-5p expression level between the previous study and our study
might be derived from the different cell types. In addition,
although the previous studies suggested that miR-199a-5p promot-
ed the proliferation and migration of cardiomyocytes, some studies
indicated that miR-199a-5p inhibited the proliferation, migration,
and differentiation of diverse stem cells.?®3° In our study, we dis-
covered that overexpressing miR-199a-5p suppressed the prolifer-
ation, migration, and differentiation of c-kit" cells, which were
consistent with the previous studies. Moreover, after the binding
sites between miR-199a-5p and HIF-lo were predicted by the
Target Scan website, the dual-luciferase report, RT-qPCR, and
Western blot approaches affirmed that HIF-1o was downstream of
miR-199a-5p. Therefore, we speculate that the effects of miR-199-
Sp on c-kit" cells were related to targeting and regulating HIF-1a.

HIF-1a, a key regulatory factor, is involved in the development
of MI by regulating the biological behavior of diverse cells under
hypoxic conditions.’! In one previous study, we found that myocar-
dial cell apoptosis was inhibited and vascular regeneration and
heart function in the infarcted area were improved after transplant-
ing HIF-1a modified CSCs into rats with heart failure after MI.3
Another study also suggested that HIF-1a enhanced stem cell pro-
liferation, survival, migration, and invasion under hypoxic envi-
ronments by modulating gene expression related to apoptosis and
necrosis.* In addition, one previous study also indicated that the
upregulation of HIF-1a expression enhanced the differentiation of
stem cells.** In this study, we found that knocking down HIF-1la
suppressed the proliferation, migration, and differentiation of c-
kit* cells, and overexpressing HIF-la effectively reversed the
inhibitory effects of overexpressing miR-199a-5p on c-kit" cells,
which were consistent with the previous studies. In addition, our
studies affirmed that the Nkx2.5 and CD31 expression levels in c-
kit* cells were downregulated after establishing the hypoxic model,
suggesting that the cardiac regeneration ability was inhibited, and
the ability of angiogenesis was reduced, which is consistent with
the clinical characteristics of MI.

So far, although we have confirmed that miR-199a-5p nega-
tively targets HIF-1a to inhibit the proliferation, migration, and
differentiation of c-kit" cells in the present study, there are still
some limitations. First, it is not entirely sufficient to attest the rela-
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tion between miR-199a-5p and HIF-1a and their effects on c-kit"
cells. It is more important to validate our findings in vivo further.
Therefore, it is necessary to conduct related animal experiments to
further evidence our findings in the subsequent studies. For
instance, after administering miR-199a-5p activator or inhibitor to
mice, determining the cardiac functions and myocardial injuries, as
well as the miR-199a-5p and HIF-1a expression in CSCs isolated
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by flow cytometry, would be conducive to further confirming our
conclusion. Besides, apart from the c-kit" cells, there are some
other CSC lineages, such as Sca-1* and Islet-17 cells.* miR-199a-
5p and HIF-1o may also generate regulated effects on the prolifer-
ation, migration, and differentiation of another kind of CSC lin-
eage. It was demonstrated that the Sca-1" cells were highly
expressed in arterial endothelial cells after atherosclerosis, which
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Figure 4. miR-199a-5p targeted and suppressed HIF-1a. The mRNA (A) and protein (B) expression levels of HIF-1a in c-kit" cells (n=3).
C) The protein blots of HIF-1a and B-Tubulin of c-kit" cells. D) The predicted binding sites between miR-119a-5p and HIF-1a. E) The
results of the dual-luciferase report experiment between miR-119a-5p and HIF-1a (n=3). F) The miR-119a-5p expression level in hypoxic
c-kit" cells (n=3). The mRNA (G) and protein (H) expression levels of HIF-1a in hypoxic c-kit" cells (n=3). I) The protein blots of HIF-
lo and B-Tubulin of hypoxic c-kit" cells. Data were obtained from three independent experiments and were analyzed using one-way
ANOVA followed by Tukey’s post-hoc test. ##p<0.001 vs the control group, ***p<0.001 and **p<0.01 vs the NC mimics group.
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played an important role in the repair of vascular endothelium.’ In
addition, Islet-1* CSCs were reported to differentiate into car-
diomyocytes to promote myocardial tissue repair after MIL3’
Therefore, we believe that further investigations on the effects of
miR-199a-5p and HIF-1a on another kind of CSC lineage, such as
Islet-17 CSCs, could also be beneficial for the clinical treatment of
MI. Moreover, we consider that the lack of exploration of down-
stream mechanisms of HIF-1a is another shortcoming of the pre-
sent study. A previous study demonstrated that HIF-1a not only
participates in the development and reconstruction of blood vessels
through regulating downstream VEGF, PDGF, and FGF, but also is
involved in the regulation of vascular tension by mediating nitric
oxide synthase, adrenergic receptors, and glycolysis.*® Therefore,
we believe that exploring the downstream mechanisms of HIF-1a
contributes to improving the clinical treatment strategies of MI.

Taken together, this study demonstrated that miR-199a-5p neg-
atively targeted HIF-1a to inhibit the proliferation, migration, and
differentiation of c-kit" cells, providing a novel strategy for the
clinical treatment of MI.
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