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 Background: Bone-marrow mesenchymal stem cells (BMSCs) are pluripotent stem cells with potent self-renewal and dif-
ferentiation ability that are widely used in transplantation of cell therapy. But the mechanism on microRNA 
(miRNA) regulating stem cell differentiation is complicated and unclear. The aim of this study was to investi-
gate whether miR-199b-5p is involved in differentiation of cardiomyocyte-like cells and identify potential sig-
nal pathways in BMSCs.

 Material/Methods: Mouse BMSCs were treated with 5-azacytidine and transfected by miR-199b-5p mimic and inhibitor, respec-
tively. qRT-PCR was used to detect the expression of miR-199b-5p in BMSCs, 5-azacytidine treated BMSCs, and 
neonatal murine cardiomyocytes. The expression of cardiac specific genes and the HSF1/HSP70 signal path-
way were examined by qRT-PCR or western blotting. The proliferation and migration of BMSCs were evaluat-
ed by CCK-8 assay and wound-healing assay.

 Results: The expression of miR-199b-5p decreased gradually in the process of differentiation of BMSCs toward cardio-
myocyte-like cells. The expression of cardiac specific genes and HSF1/HSP70 were increased in the miR-199b-
5p inhibitor group; however, the miR-199b-5p mimic group presented an opposite result. Both the miR-199b-
5p inhibitor group and the miR-199b-5p mimic group had no influence on BMSCs proliferation and migration. 
Using lentivirus vectors bearing HSF1 shRNA to silence HSF1 and HSP70, the anticipated elevated expression 
effect of cardiac specific genes induced by miR-199b-5p inhibitor was suppressed.

 Conclusions: Downregulation of miR-199b-5p induced differentiation of BMSCs toward cardiomyocyte-like cells partly via 
the HSF1/HSP70 signaling pathway, and had no influence on BMSCs proliferation and migration.
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Background

Cell-based therapies for myocardial repair and regeneration are 
currently being regarded as a promising treatment for heart 
failure and ischemic heart disease [1]. Many kinds of stem 
cells are used for these cell-based therapies, such as skeletal 
myoblasts, endothelial progenitor cells, bone-marrow mesen-
chymal stem cells, embryonic stem cells, endogenous cardiac 
stem cells, and so on. These stem cells can differentiate into 
cardiomyocytes and repair the damaged myocardium, thus im-
proving cardiac function [2]. Among these cells, bone-marrow 
mesenchymal stem cells (BMSCs) have been widely studied 
for many years. Some studies have shown that BMSC-based 
cell therapies have a significant effect on improving ejection 
fraction and reducing scar size [3–5].

The mechanism by which MSC-based therapies repair the heart 
is complicated. Trans-differentiation of MSCs toward cardiomy-
ocytes may be one of the major mechanisms [6]. The tradition-
al method of inducing BMSCs toward cardiomyocytes in vitro is 
by using 5-azacytidine, a DNA demethylating agent [7,8]. But 
5-azacytidine has low differentiation efficiency and cell toxic-
ity, restricting its use to basic research in vitro. Recently, stud-
ies have focused on the role of miRNAs in regulating cell dif-
ferentiation. It has been shown that a variety of miRNAs are 
involved in cardiac differentiation [9–11]. MiRNAs play a critical 
role in cell differentiation, which indicates that miRNAs should 
be investigated to clarify the relationship between miRNAs and 
cardiac differentiation. Martins et al. showed that miR-199b-
5p had an effect on cardiac cellular signaling and gene ex-
pression [12]. Li et al. discovered that miR-199b-5p played an 
important maintenance role in cardiac development [13]. Our 
previous study confirmed miR-199b-5p can regulate angiogen-
esis in mouse myocardial microvascular endothelial cells [14]. 
However, the role of miR-199b-5p in cardiac differentiation has 
been not reported. In cardiomyocytes, heat shock transcription 
factor 1 (HSF1), and downstream effective protein heat shock 
protein 70 (HSP70) are considered to have a protective role in 
cell metabolism [15]. We previously demonstrated that HSF1 
is partly regulated by miR-199b-5p in mouse myocardial mi-
crovascular endothelial cells [14]. Similarly, whether the regu-
latory effect can be exerted in BMSCs is worthy of study. Here, 
we aimed to investigate whether miR-199b-5p is involved in 
differentiation of cardiomyocyte-like cells and identify poten-
tial signal pathways in BMSCs.

Material and Methods

Culture of BMSCs

C57BL/6 mouse BMSCs were obtained from Cyagen Biosciences 
Corporation (Santa Clara, CA, USA) and were cultured with 

complete medium (DMEM/F12 (Corning, Manassas, VA, USA), 
10% fetal bovine serum (Gibco, Grand Island, NY, USA), sup-
plemented with 1% penicillin/streptomycin), and then were 
placed in an incubator at 37°C, 5% CO2. Quality tests included 
differentiation potential toward osteoblasts and adipocytes and 
chondrocytes and MSCs markers identification (90.8% CD44, 
99.7% CD29, 87.15% Sca-1, and 1.3% CD117) of BMSCs; tests 
were conducted by cell supplier. When grown to 80–90% con-
fluence, cells were passaged at a ratio of 1: 3 and about 50,000 
cells/mL in a T25-flask. After abundant cultivation, the fourth 
passage of cells was used for the study experiments.

Isolation and culture of neonatal murine cardiomyocytes

All the animal experiment procedures were approved by the 
Animal Care and Use Committee and Animal Ethics Committee 
of Tongji University and were in compliance with the guide-
lines of the Guide for the Care and Use of Laboratory Animals 
published by the US National Institute of Health. We used the 
hearts from 2-day to 3-day old C57BL/6 mice to isolate and cul-
ture cardiomyocytes as previously described [16], with some 
modifications. Briefly, neonatal mice were sacrificed, and their 
hearts were quickly removed and transferred into precooled 
4°C Hanks’ balanced salt solution (HBSS, Sigma-Aldrich, St. 
Louis, MO, USA) and then were cut into pieces. Heart tissue 
was digested by 50 mL 0.125% trypsin (Gibco, Grand Island, 
NY, USA) in a 150-mL conical flask with a magnetic stirrer (100 
rpm, eight minutes, 37°C). After three minutes’ standing, the 
supernatant (about 10 mL, containing the cardiac cells) was 
transferred into a 15-mL centrifuge tube and centrifuged at 
168 g for five minutes. Cardiac cells were resuspended with 
3 mL complete medium after discarding the supernatant, and 
then were transferred into a 50-mL centrifuge tube. After re-
plenishment with 10 mL 0.125% trypsin, we repeated the di-
gestion procedure until there was no visible heart tissue in 
the conical flask. All collected medium containing cardiac cells 
was transferred into 6 cm dishes and placed in an incubator 
at 37°C, 5% CO2 for two hours. According to cells’ differen-
tial adhesion, cardiomyocytes are slower adherent than other 
cardiac cells. The non-attached cells were cardiomyocytes in 
dishes. The medium only containing cardiomyocytes in dishes 
were collected and centrifuged (168 g, five minutes) in a 50-
mL centrifuge tube. Finally, cardiomyocytes were resuspended 
after discarding the supernatant and were plated in six-well 
plates with about 50,000 cells/mL for the study experiments.

b-galactosidase staining and inducing differentiation of 
BMSCs

The aging status of BMSCs was detected by senescence-asso-
ciated b-galactosidase staining kit (Beyotime, Shanghai, China) 
after one day and three days of cell passage. Briefly, BMSCs 
were washed twice and fixed with 4% paraformaldehyde for 
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15 minutes and then incubated overnight at 37°C in an incu-
bator with working solution (containing 0.05 mg/mL 5-bromo-
4-chloro-3-indolyl-b-d-galactopyranoside). To verify the differ-
entiation potential of BMSCs toward cardiomyocyte-like cells, 
5-azacytidine solution (10 mmol, Sigma-Aldrich, St. Louis, MO, 
USA) was added to medium at a 10 µmol final concentration for 
24 hours in six-well plates. The 5-azacytidine treated cells were 
collected for the following cardiac specific factors detection as 
well as other experiment groups at these time points: three 
days, six days, nine days, and 12 days after cell transfection.

Transfection of miRNA and shRNA

We used lipofectamine RNAiMAX reagent (Invitrogen, Carlsbad, 
CA, USA) to transfect miR-199b-5p mimic and its inhibitor (200 
nM, Ruibo, Guangzhou, China) to upregulate and downregulate 
miR-199b-5p level. Briefly, using the manufacturer’s instruction, 
when cells reached 60–80% confluence, they were transfect-
ed with miR-199b-5p mimic or its inhibitor-lipid complex (1: 
1 ratio). After three days of transfection, cells were harvested 
to verify the upregulation or downregulation. The downregu-
lation of HSF1 in BMSCs was generated by the infection of len-
tiviral vector bearing shRNA HSF1, which was purchased from 
HanBio Biotechnology Corporation (Shanghai, China). According 
to manufacturer’s instructions, cells were infected by lentivi-
ral bearing shRNA len-EGFP-puro-HSF1 or shRNA len-EGFP (as 
a shRNA control) for a variety of multiplicity of infection (MOI) 
with 30–40% cell confluence. The stable cell lines obtained from 
200 MOI infected cells were used for experiments.

Quantitative real-time PCR (qRT-PCR)

Total RNAs were extracted from BMSCs and differentiated car-
diomyocyte-like cells by TRIzol reagent (Takara, Shiga, Japan) 
according to manufacturer’s instructions. For mRNAs reverse 
transcription, the relevant cDNAs were synthesized using 
PrimeScript™ RT reagent Kit (Takara, Shiga, Japan). The qRT-
PCR was conducted with SYBR Premix Ex Taq II (Takara, Shiga, 
Japan) under the following conditions: 95°C for 30 seconds, 
95°C for 5 seconds and 60°C for 34 seconds with 40 cycles. 
For miRNA RTq-PCR, Bulge-Loop™ miRNA qRT-PCR Starter Kit 
(Ruibo, Guangzhou, China) was used under the same condi-
tions. The primers of miR-199b-5p and cardiac specific mark-
ers [17,18] (NKx2.5 GATA4, MEF2c, and b-MHC) and their relat-
ed internal controls (U6 and GAPDH) are listed in Table 1. The 
difference in gene expression was evaluated using the thresh-
old cycle difference between relevant genes, and the internal 
controls using the method of relative gene expression=2–DDCT.

CCK-8 assay and wound-healing assay

To detect stem cell proliferation, the cells of four groups (nor-
mal control cells, 5-azacytidine treated cells, miR-199b-5p 
mimic, and inhibitor transfected cells) were seeded in 96-well 
plates at 37°C, 5% CO2, with 1,000 cells/200 μL density per 
well. Then 10 μL of CCK-8 reagent (Beyotime, Shanghai, China) 
was added to three wells in each group after one, three, six, 
nine, and 12 days, respectively. After the cells were incubat-
ed for four hours in the incubator, the optical density (OD) of 

Primers Direction Sequences (5’-3’)

Nkx2.5
Forward AAGCAACAGCGGTACCTGTC

Reverse ACTTGTAGCGACGGTTCTGG

GATA4
Forward ATGCCTGTGGCCTCTATCAC

Reverse TGGTGGTAGTCTGGCAGTTG

MEF2c
Forward TCCATCAGCCATTTCAACAA

Reverse AGTTACAGAGCCGAGGTGGA

b-MHC
Forward CAGCAGTTCTTCAACCACCA

Reverse TCTCGATGAGGTCAATGCAG

GAPDH
Forward GCCATCACTGCCACTCAGAA

Reverse GGCATGTCAGATCCACAACG

miR-199b-5p

(RT primer) GTCGTATCCAGTGCGTGTCGTGGAGTCGGCAATTG

Forward GGCCCAGTGTTTAGACTACC

Reverse CAGTGCGTGTCGTGGAGT

U6

(RT primer) AACGCTTCACGAATTTGCGT

Forward GTGCTCGCTTCGGCAGCACATATAC

Reverse AAAAATATGGAACGCTTCACGAATTTG

Table 1. Gene primers sequences.
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wells at 450 nm was measured using a microplate reader (Bio-
Rad, Hercules, CA, USA) and the growth curve was drawn ac-
cording to the OD value. To detect stem cell migration, the 
cells of the four groups were seeded in six-well plate at 37°C, 
5% CO2, with 100,000 cells/2 mL density per well. When the 
monolayer cells were 100% confluent, the wounds were cre-
ated by manually scraping the cell monolayer with a 200 μL 
pipet tip. Then the cells were washed three times and serum-
free medium was added into wells. Microscopy was used to 
record the stem cells migration of the four groups after 0 and 
24 hours (before the time point, miR-199b-5p mimic or inhib-
itor group transfected for three days, and 5-azacytidine treat-
ment group treated for one day), respectively. The cell migra-
tion distance on the wound was analyzed and quantified by 
comparing different time points.

Western blotting analysis

The proteins expression of HSF1 and HSP70 and the cardiac 
specific markers GATA4 and b-MHC were measured by west-
ern blotting using relevant primary antibodies and secondary 
antibodies. Primary antibodies included rat anti-HSF1 anti-
body (ab61382, 1: 1,000), mouse anti-HSP70 antibody (ab2787, 
1: 1,000), rabbit anti-GATA4 antibody (ab134057, 1: 1,000), 
mouse anti-b-MHC (heavy chain cardiac myosin) antibody 
(ab50967, 1: 1,000) and mouse anti-GAPDH antibody (ab8245, 
1: 1,000). All the primary antibodies were purchased from Abcam 
Corporation (Cambridge, MA, USA). Secondary antibodies in-
cluded fluorescent-dye conjugated anti-rat, anti-mouse, and 
anti-rabbit IgG secondary antibodies (1: 2,000, Cell Signaling, 
Danvers, MA, USA). Briefly, cells were harvested by RIPA lysis 
buffer (Weiao, Shanghai, China) containing a protease inhibi-
tor cocktail (Selleck, Houston, TX, USA). Cell lysates were sepa-
rated by SDS-PAGE (10%) and the proteins were transferred to 
PVDF membranes (Weiao, Shanghai, China). After being sealed, 
the membranes were incubated with primary antibodies at 4°C 
overnight, and were incubated with relevant secondary anti-
bodies. GAPDH was used as an internal control. The images 
were collected and analyzed by Odyssey (LI-COR Biosciences, 
Lincoln, NE, USA) and ImageJ 1.4 analysis software (National 
Institutes of Health, Bethesda, MD, USA), respectively.

Statistical analysis

For technical replicates, all experiments were repeated three 
times (n=3). For biological replicates, the independent proce-
dures were repeated three times. Data represented the aver-
age of three biological replicates and were presented as mean 
±SD. GraphPad Prism 5.0 software (San Diego, CA, USA) was 
used to analyze the data. Multi-group comparison was per-
formed by one-way ANOVA followed by a Tukey’s test for post 
hoc analysis. A value of p<0.05 was considered statistically 
significant. Significance was described by asterisks, * p<0.05.

Results

Characteristics and differentiation potential of BMSCs in 
study mice

The fourth passage of BMSCs showed the typical mesenchy-
mal stem cell characteristics. Microscopy showed cells spread 
on the plate with spindle shape (Figure 1A). At day 1 and day 
3 after cell passage, only a few of the BMSCs were dyed with 
the b-galactosidase staining (Figure 1B, 1C) and there were no 
significant differences at these time points, which meant the 
BMSCs were in good status and conducive to cell differentia-
tion. To verify the cardiac differentiation potential of BMSCs, 
cells were treated with 5-azacytidine. At day 12, the BMSCs 
presented a cardiomyocyte-like shape (Figure 1D). Therefore, 
the 5-azacytidine group was regarded as a positive control in 
this study and the BMSCs could be used in study experiments.

MiR-199b-5p was associated with differentiation of BMSCs 
toward cardiomyocyte-like cells

To study whether miR-199b-5p is involved in the cardiac dif-
ferentiation of BMSCs, the expression of miR-199b-5p was 
compared among BMSCs, 5-azacytidine treated BMSCs, and 
cardiomyocytes (Figure 1E). The result showed that lower ex-
pression of miR-199b-5p was present in cardiomyocytes (0.25-
fold versus control, p<0.05) and 5-azacytidine treated BMSCs 
(0.35-fold versus control, p<0.05), compared with normal con-
trol BMSCs. Next, the miR-199b-5p level was detected dur-
ing differentiation of BMSCs toward cardiomyocyte-like cells 
(Figure 1F). The expression of miR-199b-5p decreased gradu-
ally during the process of differentiation of BMSCs toward car-
diomyocyte-like cells (p<0.05), which indicated that one of en-
dogenous miRNAs, miR-199b-5p, may play an important role 
in differentiation of BMSCs toward cardiomyocyte-like cells.

Downregulation of miR-199b-5p induced the 
differentiation of BMSCs toward cardiomyocyte-like cells

To investigate the specific role of miR-199b-5p in the differen-
tiation of BMSCs toward cardiomyocyte-like cells, miR-199b-
5p mimic and inhibitor were used to upregulate and downreg-
ulate miR-199b-5p level. After three days of transfection, the 
level of miR-199b-5p was obviously upregulated (3.6-fold ver-
sus control, p<0.05) or downregulated (0.3-fold versus control, 
p<0.05. Figure 2A). Then, the cells morphology was observed 
at day 12 and miR-199b-5p inhibitor group was similar to the 
5-azacytidine treated group in the four groups (Figure 2B–2E). 
To detect the gene level of cardiac specific markers Nkx2.5, 
GATA4, MEF2c, and b-MHC, we chose four time-points: three 
days, six days, nine days, and 12 days after miR-199b-5p mim-
ic and inhibitor transfection. At day 3, there was no signifi-
cant change in these markers level. The cardiac-early specific 
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markers Nkx2.5, GATA4, and MEF2c were elevated in the 5-aza-
cytidine treated group and the miR-199b-5p inhibitor group 
at day 6 and sustained at a higher level at day 9 and day 12. 
The level of cardiac-later specific marker b-MHC started to 
increase at day 9 (p<0.05, Figure 3A–3D). The protein level 
of GATA4 and b-MHC at day 12 also showed similar results 
(p<0.05, Figure 3E, 3F). At the same time, miR-199b-5p mimic 

group presented an opposite result (p<0.05, Figure 3E, 3F). The 
aforementioned results indicated that the downregulation of 
miR-199b-5p can induce the differentiation of BMSCs toward 
cardiomyocyte-like cells.
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Figure 1.  Some characteristics and differentiation potential of mouse BMSCs and miR-199b-5p expression under different cells and 
time. (A) The fourth passage of BMSCs (100×). (B, C) b-galactosidase staining at day 1 and day 3 after BMSCs passage 
(100×). (D) Cell morphology at day 12 with 5-azacytidine treatment (100×). (E) Expression level of miR-199b-5p in BMSCs, 
5-azacytidine treated BMSCs at day 12 and cardiomyocytes. (F) Expression level of miR-199b-5p in 5-azacytidine treated 
BMSCs at 0, 3, 6, 9, 12 days; * p<0.05, n=3.
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Figure 2.  The level of miR-199b-5p after three days of miR-199b-5p transfection and cell morphology at day 12. (A) The level of miR-
199b-5p after three days of miR199b-5p mimic or inhibitor transfection. (B) BMSCs as control without any treatment. (200×) 
(C) BMSCs were treated with 5-azacytidine (200×). (D) BMSCs were transfected with miR-199b-5p mimic. (200×) (E) BMSCs 
were transfected with miR-199b-5p inhibitor. (200x); * p<0.05, n=3.
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Figure 3.  Cardiac specific markers miRNA level and the protein level of GATA4 and b-MHC. (A–D) Nkx2.5, GATA4, MEF2c, and b-MHC 
miRNA level at days 3, 6, 9, and 12 after cell transfection or 5-azacytidine treatment, respectively. (E) Western blotting 
showed the expression of GATA4 and b-MHC at day 12 after cell transfection or 5-azacytidine treatment. (F) GATA4 and 
b-MHC relative expression; * p<0.05, n=3.
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Upregulation or downregulation of miR-199b-5p had no 
influence on BMSCs proliferation and migration

The low expression of miR-199b-5p had an effect on inducing 
BMSCs toward cardiac differentiation, but whether the level 
change of miR-199b-5p influenced the physiological function 
of BMSCs during the induce process is not known. Thus, we 
investigated the function of BMSCs proliferation and migra-
tion. For stem cell proliferation, we determined the cell growth 
curve at different time points during the induction process. 
Compared with the normal control group, the level change of 
miR-199b-5p did not show a significant OD value difference, 
and the 5-azacytidine treatment led to a significant OD value 
decrease in the CCK-8 assay (p<0.05, Figure 4A), which indicat-
ed that as exogenous inducers, 5-azacytidine inhibited BMSCs 
proliferation, but the mimic or inhibitor of miR-199b-5p had 
no effect. Similarly, we compared the stem cell migration abil-
ity of four groups during the first 24 hours of induced differ-
entiation by wound-healing assay. After 24 hours, the BMSCs 
of the normal control group almost extended to the center of 

the wound and the mimic or inhibitor group of miR-199b-5p 
presented a similar result, but few cells reached to the cen-
ter of wound in the 5-azacytidine treatment group after 24 
hours (Figure 4B) and relative quantitative analysis showed 
the same results (p<0.05, Figure 4C). These results indicated 
that the exogenous expression change of miR-199b-5p had no 
cell toxicity during the differentiation of BMSCs and the meth-
od of downregulation of miR-199b-5p might have a better po-
tential application value than 5-azacytidine in MSCs therapy.

Downregulation of miR-199b-5p induced the 
differentiation of BMSCs toward cardiomyocyte-like cells 
via HSF1/HSP70 signaling pathway

As we previously confirmed that HSF1 is partly regulated by 
miR-199b-5p in mouse myocardial microvascular endothelial 
cells [14], to explore whether the target regulation effect of 
miR-199b-5p on the expression of HSF1 protein was also con-
sistent in BMSCs, we used miR-199b-5p mimic and inhibitor to 
upregulate and downregulate the miR-199b-5p level. Western 
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and 24 hours. (100×) (C) Quantitative analysis of wound healing by cells migration distance in the aforementioned groups; 
* p<0.05, n=3.
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blotting showed that downregulation of miR-199b-5p increased 
the expression of HSF1 protein in BMSCs. In addition, the HSF1 
downstream relative protein HSF70 also presented a higher 
level (p<0.05, Figure 5A, 5C). Based on the induction effect of 
the downregulation of miR-199b-5p and its relationship with 
HSF1, we speculated that miR-199b-5p might exert its func-
tion via some signaling pathways and HSF1/HSP70 signaling 
pathway was one of them. To verify the hypothesis, lentivi-
ral vector bearing shRNA HSF1 was used to downregulate the 
HSF1 gene. Western blotting showed the expression of HSF1 
was obviously decreased in the stable cells line after using len-
tivirus bearing shRNA HSF1 infection (p<0.05, Figure 5B, 5D). 
To investigate whether the downregulation of HSF1 can af-
fect the differentiation of BMSCs toward cardiomyocyte-like 
cells induced by downregulation of miR-199b-5p, we repeated 
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Figure 5.  The protein level of HSF1 and HSP70. (A) The protein level of HSF1 and HSP70 after three days with HSF1 mimic or inhibitor 
transfection. (B) The protein level of HSF1 and HSP70 in the stable cells line infected by HSF1 shRNA or control lentivirus; * 
p<0.05, n=3.

the induction differentiation experiments in the stable cells 
line infected by HSF1 shRNA lentivirus (named miR-199b-5p 
inhibitor + shRNA HSF1 group). Interestingly, we found com-
pared with miR-199b-5p inhibitor group in BMSCs, the elevat-
ed expression of cardiac specific genes was suppressed in miR-
199b-5p inhibitor + shRNA HSF1 group (p<0.05, Figure 6A–6D). 
Relative proteins expression also showed the same suppres-
sion effect (p<0.05, Figure 6E, 6F). Which means HSF1/HSP70 
pathway may play an important role in the process of down-
regulation of miR-199b-5p inducing differentiation of BMSCs 
toward cardiomyocyte-like cells.
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Figure 6.  Cardiac specific markers Nkx2.5, GATA4, MEF2c, and b-MHC miRNA level and the protein level of GATA4 and b-MHC. 
(A–D) Nkx2.5, GATA4, MEF2c, and b-MHC miRNA level at 3, 6, 9, and 12 days in normal control BMSCs, miR-199b-5p 
inhibitor transfected group in BMSCs and miR-199b-5p inhibitor transfected group in BMSCs infected HSF1 shRNA lentiviral, 
respectively (E) The protein level of GATA4 and b-MHC at day 12 in the aforementioned three groups. (F) GATA4 and b-MHC 
relative expression; * p<0.05, n=3.
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Discussion

With the rapid development of cell basic research, cell-based 
therapy has been used in a variety of clinical fields, such as in 
orthopedics, central nervous systems, and cardiovascular sys-
tems, and presents a promising future prospect [19-22]. The 
potential mechanisms of cell-based therapy are being stud-
ied including molecule signaling pathways that may have an 
important role in mediating miRNAs and their various func-
tions. Among these signaling pathways, the classic Notch sig-
naling pathway has a known effect on cell differentiation via 
miRNAs [23]. And miR-199b-5p has been shown to be related 
with Notch signaling pathway in cancer [24]. Here we dem-
onstrated that the HSF1/HSP70 signaling pathway was part-
ly involved in BMSCs differentiation toward cardiomyocytes 
mediated by miR-199b-5p.

In the traditional methods of inducing BMSCs differentiation 
toward cardiomyocytes, the DNA demethylating agent 5-aza-
cytidine has an induction effect by regulating DNA demeth-
ylation and changing DNA stability and gene expression [25]. 
miRNAs exert their functions by regulating target genes and 
influencing gene expression [26]. Shen et al. confirmed that 
miRNA-1-2 can regulate differentiation of BMSCs toward car-
diomyocytes via the WNT signaling pathway [9]. Similarly, 
Zhang et al. demonstrated that miR-499 has the induction ef-
fect of rat MSCs toward cardiac differentiation through wnt/b-
catenin signaling pathway [10]. On the other hand, a synergic 
effect can be exerted by the combination of different miR-
NAs in cardiac differentiation [11]. In our study, we used miR-
199b-5p mimic and inhibitor to upregulate and downregulate 
miR-199b-5p level, and downregulated miR-199b-5p induced 
BMSCs toward a cardiomyocyte-like cell phenotype with ele-
vated cardiac specific markers levels. This change had no in-
fluence on BMSCs proliferation and migration. We observed 
that 5-azacytidine inhibited BMSCs proliferation and migra-
tion, which could support that 5-azacytidine might disturb the 
normal cell cycle by inducing DNA damage [27]. Different from 
the kind of mechanism, miR-199b-5p may not combine with 
growth-relative target genes, so the change of its expression 
level has no effect on BMSCs proliferation and migration. On 
the other hand, Chen et al. [28] discovered miR-199b which 
consists of miR-199b-5p and miR-199b-3p can modulate vas-
cular cell fate during induced pluripotent stem cells differen-
tiation by targeting the Notch Ligand Jagged1 and enhancing 
VEGF Signaling. Zhao et al. [29] indicated that miR-199b-5p 
can modulates osteogenesis in human BMSCs. In our study, 
we did not observe that the upregulation of miR-199b-5p in-
duced osteogenesis in mouse BMSCs, which means miR-199b-
5p can participate in regulating different cell growth status 
under different external conditions and different cell types.

As important molecules in the heat shock protein family, HSF1 
and HSP70 play a critical role in anti-hypertrophy and anti-isch-
emia in cardiomyocytes [15,30]. Cell apoptosis and cell differ-
entiation are usually considered to have a firm relationship 
in the cell physiological process and HSP70 may have an im-
pact on cell differentiation by interacting with different key 
apoptotic proteins [31]. In our study, HSF1/HSP70 expression 
was regulated by miR-199b-5p and their downregulation in-
fluence BMSCs differentiation, which indicates HSF1/HSP70 
has an effect on maintaining BMSCs stability. Meanwhile, it is 
reported that upregulation of HSF1/miR-34a/HSP70 results in 
a pro-survival phenotype in ischemic cardiomyocytes and im-
proves Sca-1+ stem cell survival [32], which is in accordance 
with our result from another aspect.

We used a traditional BMSCs induction differentiation meth-
od to establish a positive control, thus it was easily observed 
how miR-199b-5p influenced BMSCs differentiation. However, 
the contractility of cardiomyocyte-like cells was not observed 
in all groups, which were observed in a co-culture model with 
cardiomyocyte [33]. This indicated that the appearance of con-
tractility requires a complicated cell microenvironment. Also, 
we only conducted cardiomyocyte-like cell verification from 
morphology, gene, and protein levels. More effective methods 
should be applied. And last, we used miR-199b-5p inhibitor to 
transiently transfect, which may not be enough to maintain a 
long-time, low miR-199b-5p level in the BMSCs induction pro-
cess. These aforementioned limitations suggest a need for ad-
ditional research. Last, but not least, we only found the HSF1/
HSP70 signaling pathway to be partly involved in BMSCs dif-
ferentiation toward cardiomyocyte-like cells mediated by miR-
199b-5p, more significant signaling pathways should be inves-
tigated in the future.

Conclusions

We concluded that the downregulation of miR-199b-5p induced 
differentiation of BMSCs toward cardiomyocyte-like cells, partly 
via the HSF1/HSP70 signaling pathway, and had no influence 
on BMSCs proliferation and migration, which provides a new 
research interest for MSCs-based heart regeneration therapy 
through the approach of miRNAs.
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