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Abstract: MicroRNAs (miRNAs) play important roles in cell transformation and carcinogenesis. We have previously 
established a tumor cell line K3 transformed from rat bone marrow-derived mesenchymal stem cells (rBM-MSCs). 
However, the underlying mechanism involved in MSC transformation remains unclear. Herein, we identified the key 
miRNAs that regulate the transformation of rBM-MSCs, and clarified their biological roles. Microarray and qRT-PCR 
results showed an increased expression of miR-374 but decreased expressions of miR-199a, miR-145, miR-34a, 
and miR-214 in K3 cells compared to rBM-MSCs. MiR-374 overexpression in rBM-MSCs increased the colony num-
ber and the proportion of the cells in S-phase. In addition, miR-374 overexpression reduced E-cadherin expression 
and increased N-cadherin expression in rBM-MSCs, promoting the migration ability of these cells. On the contrary, 
miR-374 knockdown in K3 cells led to impaired proliferation and migration capacities. Furthermore, wnt5a was 
identified as a target gene of miR-374. MiR-374 overexpression upregulated β-catenin expression in rBM-MSCs 
while miR-374 knockdown downregulated that in K3 cells. In conclusion, miR-374 promotes the proliferation and 
migration of transformed MSCs by regulating Wnt5a/β-catenin signaling pathway, which provides evidence for the 
contribution of miRNA to MSC transformation and suggests a new role of miR-374 in cancer development and pro-
gression.
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Introduction

Mesenchymal stem cells (MSCs) have been 
suggested as a key component of tumor micro-
environment [1]. MSCs have the ability to  
promote tumor angiogenesis, growth, and 
metastasis. For instance, bone marrow-derived 
MSCs (BM-MSCs) recruited to the tumor stro-
ma can promote osteosarcoma and hepatocel-
lular carcinoma growth by activating PI3K/AKT 
and Ras/ERK pathways [2]. In colon cancer, 
BM-MSCs trigger the epithelial-to-mesenchy-
mal transition (EMT) in tumor cells by surface-
bound TGF-β, which favors the acquisition of an 
aggressive phenotype by colon cancer cells [3]. 
Hochane et al. found low-dose pesticide mix-
ture could induce an oxidative stress-related 
senescence in normal MSCs and promote the 
tumorigenic phenotype in premalignant MSCs 
[4]. In prostate cancer, BM-MSCs stimulated by 
TNF-α and IFN-γ promoted cancer growth in 

mice via the NRF2-HIF-1α pathway [5]. Long-
term cultured human BM-MSCs were report- 
ed to sustain spontaneous malignant transfor-
mation, showing enhanced proliferation ability 
and altered morphology and phenotype [6]. 
Furthermore, He et al. found the transformed 
MSCs expressed high levels of mutant p53 pro-
tein, leading to tumorigenesis [7]. In our previ-
ous study, we have cloned a tumor cell line K3 
mutated from rat BM-MSCs (rBM-MSCs) in vivo, 
and isolated a fraction of cancer stem cells 
(CSCs) in K3 cell line [8]. However, the underly-
ing mechanism responsible for MSC mutation 
has not been well characterized.

MicroRNAs (miRNAs), a class of non-coding 
small single-stranded molecule, have been con-
firmed as oncogenes or tumor suppressor 
genes in various cancers [9]. For example, Zeng 
et al. found that miR-199a/b-3p expression 
level decreased in gastric tissues and gastric 
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cell lines. MiR-199a/b-3p overexpression could 
inhibit cell proliferation by silencing PAK4 and 
inactivating PAK4/MEK/ERK signaling pathway 
[10]. In addition, miR-494 highly expressed in 
colorectal cancer targeted adenomatous pol-
yposis coli to promote the cell growth through 
the regulation of Wnt/β-catenin signaling [11]. 

In this study, we performed microarray to  
analyze the differentially expressed miRNAs 
between rBM-MSCs and K3 cells. We clearly 
found an increased expression of miR-374 and 
decreased expressions of miR-199a, miR-145, 
miR-34a, miR-214, and miR-350 in K3 cells 
compared to rBM-MSCs. We further demon-
strated that miR-374 overexpression could  
promote the proliferation and migration of  
rBM-MSCs while miR-374 knockdown led to 
impaired proliferation and migration capacities 
of K3 cells. We found that miR-374 targeted 
wnt5a to regulate β-catenin signaling pathway. 
Our results suggest that miR-374 might  
play an important role in MSC malignant 
transformation.

Materials and methods

Cell lines and culture conditions

RBM-MSCs and K3 cells were cultured in 
Dulbecco’s modified Eagle’s medium with low 
glucose (LG-DMEM, Gibco, USA) containing 
10% fetal bovine serum (FBS, Bovogen, USA) in 
a humidified incubator with 5% CO2 at 37°C.

Gene transfection

RBM-MSCs and K3 cells were seeded in 6-well 
plates (1.0 × 105 cells per well) and cultured to 
about 70% confluence before transfection. 
Then rBM-MSCs were transfected with miR-374 
mimics (10 nM) while K3 cells were transfected 
with miR-374 inhibitors (100 nM) by using 
HiPerFect Transfection Reagent (Qiagen). After 
transfection for 48 h, the cells were used for 
the following experiment.

RNA isolation and real-time reverse transcrip-
tion polymerase chain reaction 

Total RNA was extracted from cells using Trizol 
reagent (Invitrogen, Carlsbad, CA, USA) accord-
ing to the manufacturer’s protocol. Total ex- 
tracted RNA was reverse transcribed by using 
miScript II RT Kit (Qiagen) according to the man-
ufacturer’s instructions. Quantitative real-time 
PCR (qRT-PCR) was performed by using SYBR 

Green reaction mixture in a Bio-Rad CFX96 
PCR system to detect the expression of target 
genes. 

Western blot

The transfected cells were collected and lysed 
with RIPA buffer. Equal amounts of proteins 
were separated on 10% SDS-PAGE gel and then 
transferred onto polyvinylidene difluoride mem-
branes (Millipore, USA). After blocking with 5% 
non-fat milk for 1 h, the membranes were incu-
bated with primary antibodies to E-cadherin 
(1:200, Santa Cruz), Vimentin (1:500, CST), 
Wnt5a (1:500, CST), protein kinase C (PKC, 
1:300, SAB), Calcium/calmodulin-dependent 
kinase II (CaMK II, 1:300, SAB), β-catenin 
(1:500, Bioworld) and GAPDH (1:1000, CST) at 
4°C overnight, followed by incubation with the 
secondary antibody (1:2000, SAB). The signals 
were visualized in an ECL chemiluminescent 
detection system.

Cell counting assay

At 48 h post transfection, K3 cells were seeded 
into 24-well plates (1.0 × 104 cells per well). 
The cells were trypsinized and counted every 
day for 4 days. The results were plotted as cell 
growth curves.

Flow cytometric analyses of cell cycle

For cell cycle assay, the transfected rBM-MSCs 
(1.0 × 106) were harvested and washed in cold 
PBS twice, followed by fixation in ice-cold etha-
nol at 4°C overnight. The cells were stained 
with propidium iodide (PI) for 30 min at room 
temperature. The cell cycle profiles were detect-
ed by using FACS Caliber flow cytometer.

Cell colony formation assay 

At 48 h post transfection, rBM-MSCs and K3 
cells collected were seeded at a density of 1.0 
× 103 cells/dish in a 1.5 cm cell culture dish. 
The medium was replaced every three days. 
Seven days later, the colonies were washed in 
cold PBS twice, fixed with 4% paraformalde-
hyde for 30 min, and then stained with crystal 
violet for 15 min. The cells were photographed 
and the number of colonies was counted.

Transwell migration assay

The transfected cells were trypsinized and 
resuspended in 200 μL serum-free medium 
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(2.0 × 104) and plated into the upper chamber 
(Corning, NY, USA). The lower chamber was 
filled with 600 μL LG-DMEM containing 10% 
FBS. After incubation for 10 h, the cells adher-
ing to the lower surface membrane were fixed 
in 4% paraformaldehyde for 30 min, and then 
stained with crystal violet for 15 min. The 
remaining cells on the upper chamber were 
removed with a cotton swab. The cells were 
photographed and the number of migrated 
cells was counted. 

Immunofluorescence

The transfected cells were seeded on cell slic-
es (4.0 × 104) and cultured in 500 μL LG-DMEM 
containing 10% FBS. After incubation for 24 h, 
the cells were washed in cold PBS twice and 
fixed in 4% paraformaldehyde for 30 min, fol-
lowed by blocking with 5% bovine serum albu-
min (Roche) for 30 min. The cells were incubat-
ed with antibodies against E-cadherin (1:200, 
Santa Cruz) and N-cadherin (1:200, SAB) at 
4°C for 12 h, followed by incubation with a 
FITC- or PE-conjugated secondary antibody at 
37°C for 30 min. The nuclei were counter-
stained with hoechst33342. The cells were 
analyzed under a fluorescent microscope.

Luciferase assay

The luciferase reporter gene vector containing 
wild type (WT) and mutant (MU) wnt5a-3’UTR 
were transfected into HEK293T cells along with 
miR-374 mimic or miR-374 negative control. At 
48 h post-transfection, the luciferase activities 
were detected by using the Dual Luciferase 
Reporter Assay kit according to the manufac-
turer’s protocol (Promega).

Statistical analysis

Data were shown as mean ± standard de- 
viation (SD) and analyzed using GraphPad 
Prism 5.0 (GraphPad Software, La Jolla, CA, 
USA). Differences between measured groups 
were assessed using Student’s t test. P values 
less than 0.05 were considered statistically 
significant.

Results

MiR-374 was upregulated in MSC-transformed 
tumor cell line K3

MiRNAs expression profiles of rBM-MSCs and 
K3 cells were determined by using Agilent Rat 

Figure 1. Differentially expressed miRNAs between rBM-MSCs and K3 cells. A. Microarray analysis of differentially 
expression miRNAs. B. The list of representative upregulated and downregulated miRNAs. C. QRT-PCR analysis of 
the expression levels of miR-34a, miR-214, miR-145, miR-199a and miR-374. Vertical bars represented SD of the 
mean values (n = 3). *P < 0.05 significantly different from MSC.
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miRNA V19.0 microarray. The microarray re- 
sults showed that a total of 116 miRNAs were 
differentially expressed between rBM-MSCs 
and K3 cells (fold change ≥ 2.0, P < 0.05), of 
which 48 genes were downregulated and 68 
genes were upregulated (Figure 1A). We found 
that in K3 cells miR-145, miR-199a, miR-214 
and miR-34a were significantly downregulated 
while miR-374, miR-18a and miR-101a were 
significantly upregulated (Figure 1B). The al- 
tered expressions of these miRNAs were fur-
ther verified by using qRT-PCR. In consistence 
with the microarray analysis, qRT-PCR results 
also showed an increased expression of miR-
374 in K3 cells compared to rBM-MSCs (Figure 
1C).

MiR-374 promoted the proliferation of rBM-
MSCs in vitro 

We next studied the function of miR-374 in the 
malignant transformation of rBM-MSCs. rBM-
MSCs and K3 cells were respectively transfect-
ed with miR-374 mimics and miR-374 inhibi-
tors. The efficacy of gene transfection was veri-

fied. At 48 h post transfection, QRT-PCR results 
showed significant differences of miR-374 
expression as compared to control groups 
(Figure 2A). The cell cycle progression of trans-
fected cells was analyzed by using flow cytom-
etry. We found that rBM-MSCs transfected with 
miR-374 mimics showed an increase in the per-
centage of S-phase compared to the negative 
control cells (Figure 2B). As shown in Figure 2C, 
the inhibition of miR-374 significantly retarded 
the growth of K3 cells compared to the nega-
tive control cells. Furthermore, the colony for-
mation assay results showed that the trans-
fected rBM-MSCs formed more colonies, while 
the transfection with miR-374 inhibitor sup-
pressed the ability of K3 cells to form colonies 
(Figure 2D).

MiR-374 promoted the migration of rBM-MSCs 
and induced EMT

Then we studied the effect of miR-374 on the 
migration of rBM-MSCs and K3 cells. The tran-
swell migration assay results showed that miR-
374 overexpression significantly promoted the 

Figure 2. MiR-374 overexpression promoted the proliferation of rBM-MSCs while miR-374 knockdown inhibited that 
of K3 cells. A. QRT-PCR analyses of miR-374 expressions in rBM-MSCs transfected with miR-374 mimics (MSC-
374M) and K3 cells transfected with miR-374 inhibitor (K3-374I), compared with the corresponding negative control 
(NC). B. Flow cytometric analysis of the cell cycle distribution of miR-374 mimics transfected rBM-MSCs. C. Cell 
counting assay of miR-374 inhibitor transfected K3 cells. D. Colony forming cell assays of the transfected rBM-MSCs 
and the transfected K3 cells. Vertical bars represented SD of the mean values (n = 3). *P < 0.05, **P < 0.01, ***P 
< 0.001 significant difference as compared to the control group.
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migration of rBM-MSCs (Figure 3A). On the con-
trary, miR-374 inhibitor suppressed the migra-
tion of K3 cells (Figure 3B). The results of 
immunofluorescence staining showed that 
miR-374 overexpression reduced E-cadherin 
expression but increased N-cadherin expres-
sion in rBM-MSCs (Figure 3C). The transfection 
of miR-374 inhibitor in K3 cells showed the 
opposite results (Figure 3D). We also detected 
the expression of EMT-associated proteins by 
using western blot. We found that the expres-
sion of epithelial marker E-cadherin decreased 

while that of mesenchymal maker vimentin 
increased in miR-374 overexpressed rBM-
MSCs (Figure 3E).

Wnt5a was a direct target of miR-374 

To further study the mechanism of miR-374 
regulation, we first used miRGen, TargetScan, 
and PicTar databases to predict the potential 
downstream targets for miR-374. The results 
showed that miR-374 could bind to the 3’-UTR 
of Hivep2, Ap3m1, Ptpn12, Prkcd, Zfp423 and 

Figure 3. MiR-374 overexpression promoted the migration of rBM-MSCs while miR-374 knockdown inhibited that 
of K3 cells. (A, B) Transwell migration assays of miR-374 mimics transfected rBM-MSCs (A) and miR-374 inhibitor 
transfected K3 cells (B). (C, D) Immunofluorescent stainings of both E-cadherin and N-cadherin in the transfected 
rBM-MSCs (C) and the transfected K3 cells (D). (E) Western blot analyses of the expression levels of E-cadherin and 
vimentin in the transfected rBM-MSCs and K3 cells. Vertical bars represented SD of the mean values (n = 3). *P < 
0.05, ***P < 0.001 significant difference as compared to the control group.
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wnt5a mRNA, all of which have been reported 
to be associated with cancer development and 
progression. Based on the previous results, we 
chose wnt5a as the research focus. The bind-
ing site of the 3’-UTR of wnt5a for miR-374 was 
shown in Figure 4A. The results of luciferase 
reporter assay showed that the luciferase activ-
ity of wild type (WT) wnt5a 3’UTR obviously 
decreased in miR-374 mimics transfected 
group compared to the negative control group. 
However, no obvious difference was observed 
in the luciferase activity of mutant (MU) wnt5a 
3’UTR between miR-374 mimics transfected 
group and the negative control group (Figure 
4B). Moreover, miR-374 mimics downregulated 
the expression of Wnt5a in rBM-MSCs, while its 
inhibitor upregulated that in K3 cells (Figure 
4C).

MiR-374 might inhibit Wnt/Ca2+ signaling to 
promote cell proliferation and migration

Wnt5a, a member of noncanonical Wnt family, 
has been described to inhibit canonical Wnt/β-

catenin signaling. Here, in our study, β-catenin 
expression levels increased in miR-374-overex-
pressing rBM-MSCs but decreased in miR-374 
knockdown K3 cells (Figure 4D). Furthermore, 
in view of the ability of Wnt5a to activate Ca2+ 
signaling cascade, we chose two key proteins 
activated in canonical Wnt/Ca2+ cascade, PKC 
and CaMK II, to detect their expression chang-
es. We found both of them decreased in rBM-
MSCs transfected with miR-374 mimics, but 
increased in miR-374 inhibitor transfected K3 
cells (Figure 4D). 

Discussion

The previous studies have shown that BM-MSCs 
could be recruited into tumor microenviron-
ment to promote tumor growth. In chronic my- 
eloid leukemia, BCR-ABL1-positive microvesi-
cles released from human leukemia cell line 
K562 could enhance the proliferation of BM- 
MSCs accompanied by TGF-β1 production and 
the malignant transformation of BM-MSCs [12]. 
There is also evidence that glioma stem-like 

Figure 4. MiR-374 targeted wnt5a to regulate Wnt/Ca2+ cascade and Wnt/β-catenin signaling. A. Bioinformatic 
analysis of the binding site of the 3’-UTR of wnt5a mRNA for miR-374. B. Luciferase report assays of the effects of 
miR-374 on the activity of luciferase reporter gene vector containing wildtype (WT) and mutant (MU) 3’-UTR of wnt5a 
mRNA. C. Western blot and QRT-PCR analyses of wnt5a expression in miR-374 mimics transfected rBM-MSCs and 
miR-374 inhibitor transfected K3 cells. D. Western blot analyses of the expressions of PKC, CaMK II and β-catenin in 
both the transfected rBM-MSCs and the transfected K3 cells. Vertical bars represented SD of the mean values (n = 
3). **P < 0.01, ***P < 0.001 significant difference as compared to the control group.
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cells could induce BM-MSCs malignant trans-
formation by activating TERT expression [13]. In 
addition, Tan et al. reported that C6 glioma-
conditioned medium could induce the malig-
nant transformation of MSCs through S100B by 
mediating RAGE pathway [14]. In our previous 
studies, we also found that a tumor cell line F6 
transformed from human fetal MSCs (FMSCs) 
contained a population of CSCs [15], and  
FHIT gene was methylated in FMSCs-trans- 
formed F6 tumor cells [16]. Moreover, we have 
established a tumor cell line K3 transformed 
from rBM-MSCs in vivo [8]. However, the mech-
anism remains unclear underlying rBM-MSCs 
transformation and the maintenance of the 
malignant phenotype and function of K3 cells.

In this study, we further investigated the role of 
miRNAs in regulating malignant transformation 
of rBM-MSCs. Microarray and qRT-PCR results 
showed a higher expression level of miR-374 
and lower expression levels of miR-199a, miR-
145, miR-34a, and miR-214 in K3 cells than in 
rBM-MSCs. We chose miR-374 as our research 
focus as it had been shown to be related to  
cancer development and progression. Xu et al. 
demonstrated that miR-374a could promote 
cell proliferation, migration and invasion by tar-
geting SRCIN1 in gastric cancer [17]. Li et al. 
suggested that miR-374a could promote hepa-
tocellular carcinoma cell growth by targeting 
MIG-6 and activating AKT/ERK signaling path-
way [18]. Moreover, miR-374a promoted breast 
cancer metastasis by activating Wnt/β-catenin 
signaling [19]. Here we found that miR-374 
overexpression increased the proliferation of 
rBM-MSCs, and the inhibition of miR-374 sig-
nificantly retarded the growth of K3 cells. MiR-
374 overexpression also promoted the migra-
tion of rBM-MSCs and miR-374 inhibition sig-
nificantly suppressed the migration of K3 ce- 
lls. Consistent with the previous findings, our 
results suggest that miR-374 can also promote 
the malignant transformation of MSCs. 

Wnt5a, a noncanonical Wnt signaling ligand, 
plays a dual role in cancer progression [20]. In 
breast cancer, wnt5a expression was upregu-
lated by forkhead box C1, which in turn activat-
ed NF-κB signaling pathway to promote breast 
cell invasion [21]. Dong et al. demonstrated 
that R-spondin 2 suppressed wnt5a-regulated 
noncanonical Wnt signaling to inhibit colorectal 
cancer cell migration, invasion, and metastasis 
[22]. Wnt5a has also been shown to inhibit  
the growth, migration and invasion of CSCs. 

Recently, Huang et al. suggested that the dual 
role of Wnt5a was due to its two distinct iso-
forms, Wnt5a-short isoform and Wnt5a-long 
isoform. Knockdown of Wnt5a-short isoform, 
as well as reactivation of Wnt5a-long isoform, 
could inhibit the growth of colorectal cancer 
cells [23]. Wnt5a also has the ability to activate 
the Wnt/Ca2+ cascade to inhibit cell growth and 
migration [24]. In our study, miR-374 overex-
pression decreased the expression level of 
Wnt5a protein, as well as the expression levels 
of PKC and CaMK II, the two key proteins in 
Wnt/Ca2+ cascade, suggesting that miR-374 
might participate in the malignant transforma-
tion of MSCs by inhibiting Wnt/Ca2+ canonical 
signaling. The tumor suppressive role of Wnt5a 
in cancer cell growth and migration is related to 
its antagonizing canonical Wnt signaling. We 
found that miR-374 overexpression led to an 
increased expression of β-catenin in rBM-MSCs 
while miR-374 inhibition resulted in a decreased 
expression of β-catenin in K3 cells, indicating 
that miR-374 might also be involved in MSC 
malignant transformation by indirectly activat-
ing Wnt/β-catenin signaling.

In conclusion, we demonstrated that the 
expression of miR-374 increased in the tumor 
cell K3 transformed from BM-MSC. MiR-374 
might promote the cell growth and metastasis 
by inhibiting Wnt/Ca2+ signaling and activating 
Wnt/β-catenin signaling. Our findings indicated 
that miR-374 might play an important role in 
MSC malignant transformation and the devel-
opment and progression of cancer.
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