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Background: MicroRNAs (miRNAs) can act as negative regulators of gene expression, and

play a crucial role in cancer progression. The aim of this study was to investigate the role of

miR-1294/pyruvate kinase M2 (PKM2) axis in osteosarcoma cells in vitro and in vivo.

Methods: The function of miR-1294 and its association with PKM2 in osteosarcoma cells

were studied by real-time PCR, CCK-8, Western blot, scratch test, transwell assay, flow

cytometry, and dual-luciferase reporter assays. The effect of miR-1294 on tumor growth

in vivo was evaluated in a subcutaneous xenograft model of osteosarcoma.

Results: miR-1294 was downregulated in osteosarcoma cells. Forced overexpression of miR-

1294 inhibited cell proliferation, migration, and invasion, and induced G0/G1 arrest and apop-

tosis. Consistently, protein expression levels of proliferating cell nuclear antigen, c-Myc, cyclin

D1, active matrix metalloproteinase 2, and activematrixmetalloproteinase 9 were decreased, and

cleaved caspase 3 and cleaved PARP were increased following miR-1294 overexpression.

Moreover, we demonstrated that PKM2 was a target of miR-1294 in osteosarcoma cells, and

the effects caused by miR-1294 mimic were reversed by the overexpression of PKM2.

Furthermore, we found that upregulation of miR-1294 inhibited tumorigenesis of osteosarcoma

cells in vivo, which was accompanied by downregulation of PKM2.

Conclusion: Our results revealed that miR-1294/PKM2 signaling cascade exerts important

roles in the regulation of tumor progression, implying that this pathway may serve as

a potential therapeutic target in osteosarcoma.

Keywords: pyruvate kinase M2, miR-1294, osteosarcoma, cell proliferation, cell apoptosis,

tumorigenesis

Background
Osteosarcoma is the most common malignant bone tumor, occurring predominantly

in adolescents and young adults.1 There are many risk factors for osteosarcoma,

such as abnormal growth hormone levels, genetic and epigenetic misregulations.2

The standard treatment of osteosarcoma is surgery, neoadjuvant, and adjuvant

chemotherapy.3 The 5-year survival rate has remained at 60–70% in patients with

non-metastatic disease, while it is dramatically reduced in patients with metastatic

disease.4 Therefore, it is necessary to understand the pathogenesis of osteosarcoma

in order to develop effective treatment strategies.

MicroRNAs (miRNAs), a class of non-coding RNAs of approximately 22–25

nucleotides in length, act as negative regulators of gene expression by repressing

mRNA translation or facilitating mRNA degradation.5 Increasing evidence shows

that miRNAs play important roles in regulating cancer cell development.6 Previous

studies have demonstrated that miR-1294 is lowly expressed in multiple cancers,
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such as epithelial ovarian cancer,7 gastric cancer,8 oral

squamous cell carcinoma,9 osteosarcoma,10 and glioma.11

Forced expression of miR-1294 inhibits tumor cell growth

and cisplatin resistance.7,12 Moreover, circ_0005198 and

circ_0004370 can sponge miR-1294 to promote glioma

and esophageal cancer progression, respectively.13,14

However, the function and mechanism of miR-1294 in

osteosarcoma are not fully understood and need further

investigation.

Pyruvate kinase M2 (PKM2), a key enzyme in glyco-

lysis, is found to be frequently overexpressed in cancers

and stimulates cell proliferation, migration, and

invasion.15,16 Previous research has shown that PKM2 is

highly expressed in osteosarcoma and is associated with

a poor outcome.17 However, the association between miR-

1294 and PKM2 in osteosarcoma has not been studied. By

prediction, we found that PKM2 is a candidate target of

miR-1294, indicating that miR-1294/PKM2 pathway may

play a role in osteosarcoma.

In the present study, we explored the expression and

function of miR-1294 in osteosarcoma cells. Moreover, the

role of PKM2 in miR-1294-mediated growth inhibition

was investigated. The effect of miR-1294 on tumorigen-

esis of osteosarcoma cells in vivo was further studied.

Methods
Cells and Cell Culture
MG63, U2OS, and 143B were purchased from Shanghai

Zhong Qiao Xin Zhou Biotechnology (Shanghai, China).

Human bone marrow mesenchymal stem cells (hMSCs),

Saos-2, and HOS were purchased from Procell Biological

Technology (Wuhan, China). Saos-2 cells were cultured in

McCoy’s 5a medium (Procell Biological Technology) sup-

plemented with 15% fetal bovine serum (FBS; BI, Kibbutz

Beit Haemek, Israel). U2OS cells were grown in Dulbecco’s

modified Eagle’s medium (BD Biosciences, Franklin Lakes,

NJ, USA) containing 10% FBS (BI). 143B cells were cul-

tured in Eagle modified essential medium (Shanghai Zhong

Qiao Xin Zhou Biotechnology) supplemented 10% FBS

(BI).MG63 andHOS cells were grown inminimum essential

medium (Gibco, Grand Island, NY, USA) containing 10%

FBS (BI). hMSCs were cultured in hMSC complete medium

(Procell). All cell lines were maintained in an incubator at

37°C with 5% CO2. Cisplatin (DDP) was obtained from

Meilun Biotechnology (Dalian, China). In experiments

using cisplatin, cells were incubated with 5 μmol/L DDP

for 24 h before the detection.

Animals and Ethics Statement
Forty-eight nude mice (two months old) weighed 18–20

g were purchased from Beijing Huafukang Biological

Technology Co., Ltd. (license SCXK (jing) 2014–0004;

Beijing, China), and housed in a temperature-controlled

room (21 ± 1°C) with a 12-h/12-h light/dark cycle. This

study was approved by the Ethics Committee for Animal

Experimentation of the China Medical University and

conducted according to the National Institutes of Health

guide for the care and use of laboratory animals.

Transient and Stable Transfection
Transient transfection was performed for cell culture experi-

ments. Briefly, miR-1294 mimic or inhibitor, PKM2 over-

expressing vector, or their corresponding control was

transfected into osteosarcoma cells for 48 h using the

Lipofectamine 2000 reagent (Invitrogen, Carlsbad, CA,

USA). Stable transfection was used for animal studies. The

pre-miR-1294 sequence was cloned into the BamHI/HindIII

site of pRNA H1.1 vector. An empty vector was used as

a control. The vectors were then transfected into MG63 and

U2OS cells using Lipofectamine 2000 reagent (Invitrogen)

and stably transfected cells were selected with G418.

Real-Time PCR
The mRNA levels of genes were measured by real-time PCR

assay.18 Briefly, total RNA isolated from cells or tissues was

reversely transcribed into cDNAs using Super M-MLV reverse

transcriptase (Tiangen, Beijing, China). Real-time PCR was

carried out with 2 × Power Taq PCR MasterMix (Tiangen)

and SYBR Green (Solarbio, Beijing, China) on an

ExiCycler™ 96 Real-time Quantitative Thermal Block

(Bioneer Corporation, Daejeon, Korea). The sequences of the

primers were as follows: PKM2 forward, 5′- CTATC

CTCTGGAGGCTGTGC −3′, reverse, 5′- GTGGGGTCGC

TGGTAATG −3′; miR-1294 forward, 5′- TGTGAGGTTGG

CATTGTTGTCTGT −3′, reverse, 5′- GTGCAGGGTCCG

AGGTATTC −3′; β-actin forward, 5′- CTTAGTTGCGTTA

CACCCTTTCTTG −3′, reverse, 5′- CTGTCACCTTCACC

GTTCCAGTTT −3′; U6 forward, 5′- GCTTCGGCAGCACA

TATACT −3′, reverse, 5′- GTGCAGGGTCCGAGGTATTC

−3′. The relative expression levels of miR-1294 and PKM2

were calculated using the ΔCt or 2 -ΔΔCt method.

Cell Proliferation Assay
Cell proliferation was determined by CCK-8 assay.19 In

brief, cells were seeded into 96-well plates at 4×103 cells
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per well. After culture for 0, 24, 48, 72, or 96 h at 37°C in

5% CO2, the medium was discarded and replaced with 100

μL complete medium and 10 μL CCK-8 (Sigma, St. Louis,

MO, USA). One hour later, the absorbance value of each

well was determined at 450 nm using a microplate reader

(BioTek, Winooski, VT, USA).

Cell Cycle Assay
Cell cycle distribution was analyzed with a flow cytometer

(BD Biosciences) following propidium iodide (PI)

staining.20 Briefly, cells were collected and fixed in 70%

ethanol at 4 °C for 2 h. Then, the supernatant was dis-

carded and 500 μL of dye buffer was added, followed by

addition of 25 μL PI and 10 μL RNase A. After 30 min at

37°C in the dark, cells were analyzed with the flow

cytometer.

Cell Apoptosis Assay
Cell apoptosis was measured using a flow cytometer (BD

Biosciences) after annexin V-FITC/PI staining.21 In short,

cells were gathered and resuspended in 500 μL of binding

buffer and then addition of 5 μL Annexin V-FITC and 10

μL PI and mix well. After 15 min at room temperature in

the dark, cells were detected by flow cytometry.

Western Blot
Protein expression levels were examined by Western

blotting.22 Total protein was separated from cells or tissues

using RIPA lysis buffer (Beyotime Institute of Biotechnology,

Shanghai, China) supplemented with phenylmethanesulfonyl

fluoride. The protein concentration was determined with the

BCA assay (Beyotime Institute of Biotechnology). Then the

samples were subjected to SDS–PAGE, transferred on PVDF

membranes, blocked with 5% nonfat milk, and incubated with

primary antibodies against proliferating cell nuclear antigen

(PCNA; 1:500; Proteintech, Wuhan, China), c-Myc (1:1000;

Proteintech), cyclin D1 (1:400; Boster, Wuhan, China),

cleaved caspase 3 (1:500; CST, Danvers, MA, USA), cleaved

PARP (1:1000; CST), matrix metalloproteinase 2 (MMP-2;

1:500; Proteintech), MMP-9 (1:1000; Proteintech), PK

M2 (1:1000; Proteintech), and β-actin (1:500; KeyGEN,

Nanjing, China) overnight at 4°C. The membranes were incu-

bated with horseradish peroxidase-labeled goat-anti-rabbit

/mouse secondary antibodies for 45 min at 37°C. The protein

was visualized by the enhanced chemiluminescence (ECL;

7 Sea Biotech, Shanghai, China) under a gel imaging system

(Liuyi, Beijing, China). The blots were analyzed by

densitometry. The expression of the target gene was normal-

ized to that of β-actin.

Assessment of Cell Migration
Cell migration was determined by a wound healing

method.23 Briefly, cells seeded into six-well plates were

transfected for 24 h, followed by treatment with mitomy-

cin C (1 μg/mL) for 1 h. Then, the medium was replaced

with serum-free medium, and a sterile 200-μL pipette tip

was used to create a scratch at the bottom of the plate,

after which cell debris was washed away and serum-free

medium was added. The scratch was photographed at 0

and 24 h using an inverted phase-contrast microscope

(Olympus, Tokyo, Japan) at 100 × magnification.

Assessment of Cell Invasiveness
Invasion of cancer cells was assessed by transwell Matrigel

assay.24 In brief, 1.5×104 cells were seeded into each well of

24-well plates with transwell chamber (Corning, New York,

USA) coated with Matrigel (BD Biosciences). After culture

for 24 h, cells were fixed with paraformaldehyde (4%) for 20

min at room temperature and followed by stained using crystal

violet (0.5%) for 4 min. Invasive cells were observed under an

inverted microscope (Olympus) at × 200 magnification.

Dual-Luciferase Reporter Assay
The wild type PKM2 3′UTR containing the putative miR-

1294 target site or mutant PKM2 3′UTR sequence was

inserted into the pmirGLO vector containing both the firefly

luciferase gene and Renilla luciferase gene. 293T cells were

co-transfected with miR-1294 mimic or control and

pmirGLO vector containing wild- or mutant type PKM2 3′

UTR using Lipofectamine 2000 reagent (Invitrogen) for 24

h. The firefly and Renilla luciferase activities were measured

using the dual-luciferase assay system (Promega, Wisconsin,

WI, USA). The activity of firefly luciferase was normalized

to that of Renilla luciferase.

Determination of Tumorigenicity in vivo
Tumorigenicity assays were performed in nude mice as pre-

viously described.25 The mice were randomly divided into 4

groups (n = 12 each group): MG63 cells stably transfected

with pre-miR-1294, MG63 cells stably transfected with

empty vector, U2OS cells stably transfected with pre-miR

-1294, and U2OS cells stably transfected with empty vector.

1.5 × 106 cells were subcutaneously injected into nude mice.

Tumor volume was recorded every three days and mice were

sacrificed on day 28. Then the tumor tissues were isolated
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from the mice. Each group of tumor tissue was divided into

two parts. One part was fixed in neutral formalin for immu-

nohistochemical study. The other was frozen in liquid nitro-

gen for protein and mRNA isolation.

Immunohistochemistry Analysis
Immunohistochemistry was performed as previously

described.26 Formalin-fixed tissue samples were sectioned to

5-μm thickness using a microtome (Leica, Bensheim,

Germany). After dewaxing with xylene and rehydration with

gradient ethanol, the sections were subjected to antigen retrie-

val and incubation with one of the primary antibodies against

c-Myc (1:200; Proteintech), cyclin D1 (1:200; Boster), MMP-

2; (1:200; Proteintech), MMP-9 (1:200; Proteintech), and

PKM2 (1:200; Proteintech) overnight at 4°C. Horseradish

peroxidase-labeled goat anti-rabbit secondary antibody was

used to probe the primary antibody for 60 min at 37°C.

Following DAB and hematoxylin staining, the sections were

observedwith amicroscope (Olympus) at × 400magnification.

Statistical Analysis
Results are expressed as mean ± standard deviation (SD).

Each in vitro experiment was repeated three times. Statistical

significance was analyzed using Student’s t-test or variance

analysis with the GraphPad Prism 7.0 software (GraphPad

Software, La Jolla, CA, USA). A P value of less than 0.05

was accepted as statistically significant.

Results
miR-1294 Was Downregulated in

Osteosarcoma Cells
We first evaluated the expression level of miR-1294 in five

osteosarcoma cell lines (Saos-2, MG63, U2OS, HOS, and

143B) and human mesenchymal stem cells (hMSC1 and

hMSC2). Moreover, an ovarian cancer cell line SKOV3,

which has a relatively low expression of miR-1294,7 was

used as a reference. The results from real-time PCR

showed a decreased expression of miR-1294 in osteosar-

coma cells compared with in hMSCs (Figure 1).

Interestingly, a similar result was obtained from Gene

Expression Omnibus (GSE70415) (Additional file 1).

Overexpression of miR-1294 Restrained

Proliferation and Induced Apoptosis of

Osteosarcoma Cells
The influence of miR-1294 upregulation on osteosarcoma

cell proliferation and apoptosis was determined. The

efficiency of miR-1294 mimic transfection was validated in

MG63 andU2OS cells by real-time PCR (Figure 2A). Forced

overexpression of miR-1294 significantly inhibited cell pro-

liferation, as measured by CCK-8 assay (Figure 2B). Flow

cytometry with propidium iodide (PI) staining showed that

transfection of miR-1294 mimic caused distinct G0/G1 cell

cycle arrest (Figure 2C). The percent of apoptotic cells was

higher in miR-1294 mimic-transfected osteosarcoma cells

compared to control cells (Figure 2D). Furthermore, prolif-

eration/apoptosis-related genes were evaluated by Western

blot analysis. As shown in Figure 2E, we demonstrated that

upregulation of miR-1294 suppressed the expression of

PCNA, c-Myc and cyclin D1, and promoted the expression

of cleaved caspase 3 and cleaved PARP in MG63 and U2OS

cells. Moreover, the expression of miR-1294 was downregu-

lated in cells treated with DDP (Additional file 2A).

Upregulation of miR-1294 enhanced the chemosensitivity

of osteosarcoma cells to DDP, as evidenced by increased

cell apoptosis (Additional file 2C).

Overexpression of miR-1294 Inhibited

Migration and Invasiveness ofOsteosarcoma

Cells
The effect of miR-1294 upregulation on osteosarcoma cell

migration and invasion was assessed. The results from

wound healing assay showed that overexpression of miR-

1294 dramatically impeded the ability of cell migration

(Figure 3A). Cell invasive capacity in osteosarcoma cells

transfected with miR-1294 mimic was lower than that in

control cells (Figure 3B). Moreover, Western blot analysis

revealed that the protein expression levels of active MMP-2

and active MMP-9 were significantly downregulated

Figure 1 Expression levels of miR-1294 in osteosarcoma cells. Real-time PCR was

employed to determine miR-1294 expression in five osteosarcoma cell lines (Saos-

2, MG63, U2OS, HOS, and 143B) and human mesenchymal stem cells (hMSCs).
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following transfection of osteosarcoma cells with miR-

1294 mimic (Figure 3C).

PKM2 Was a Target of miR-1294 in

Osteosarcoma Cells
Furthermore, we predicted that PKM2 is a potential target of

miR-1294 by using miRanda (http://www.microrna.org/micro

rna/home.do) (Figure 4B). The expression of PKM2 in osteo-

sarcoma cells used in Figure 1 was relatively more abundant

than that in hMSCs (Figure 4A). The predicted combination

was validated in 293T cells by dual luciferase reporter assay.

As shown in Figure 4C, relative firefly/Renilla luciferase

activity was decreased in cells co-transfected with wild-type

PKM2 3ʹUTR containing the putative miR-1294 target site

and miR-1294 mimic, while no obvious change was observed

in other groups. Additionally, the results from real-time PCR

and Western blotting demonstrated that the expression of

PKM2 was significantly inhibited in both mRNA and protein

levels in MG63 and U2OS cells after miR-1294 mimic treat-

ment (Figure 4D and E). On the contrary, transfection of 143B

cells with miR-1294 inhibitor upregulated PKM2 protein and

mRNA expression (Figure 4F and G).

Re-Expression of PKM2Reversed the Effects

of miR-1294 Mimic on Osteosarcoma Cells
To further confirm the role of PKM2 in miR-1294 overexpres-

sion-mediated actions in osteosarcoma cells, we examined the

effect of forced upregulation of PKM2 on miR-1294 mimic-

transfectedMG63 and U2OS cells. As shown in Figure 5A, C,

and D, cell proliferation, migration, and invasion mediated by

miR-1294 mimic were markedly enhanced following over-

expression of PKM2. Co-upregulation of miR-1294 and

Figure 2 miR-1294 upregulation inhibited proliferation and promoted apoptosis of osteosarcoma cells. (A) Overexpression of miR-1294 in MG63 and U2OS cells by

transfection of miR-1294 mimic. (B) Cell proliferation was assessed using the CCK-8 assay. (C) Cell cycle distribution was analyzed by flow cytometry using propidium

iodide (PI) staining. (D) Cell apoptosis was determined by flow cytometry using Annexin V and PI staining. (E) Expression levels of PCNA, c-Myc, cyclin D1, cleaved caspase

3, and cleaved PARP were examined by Western blotting. Data are shown as mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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PKM2 inhibited osteosarcoma cell apoptosis compared to

that of miR-1294 mimic transfected cells (Figure 5B).

Furthermore, cleaved caspase 3 expression levels were

decreased, and the expression levels of c-Myc, cyclin D1,

active MMP-2, and active MMP-9 were increased in osteosar-

coma cellswith co-transfection of the PKM2 expression vector

andmiR-1294mimic compared with that in miR-1294mimic-

transfected cells (Figure 5E).Moreover, PKM2expressionwas

increased in osteosarcoma cells treated with DDP (Additional

file 2B). Overexpression of PKM2 reversed the effect of miR-

1294 mimic on DDP-treated cells (Additional file 2C).

Upregulation of miR-1294 Inhibited

Tumorigenicity of Osteosarcoma Cells
Lastly, we assessed the effect of miR-1294 overexpression

on the tumorigenicity of osteosarcoma cells in vivo. As

shown in Figure 6A and B, The tumor volume was sig-

nificantly reduced in mice inoculated with miR-1294 over-

expressing osteosarcoma cells, as compared to those

inoculated with control cells. Confirmation of the expres-

sion miR-1294 in cancer tissues with or without miR-1294

upregulation by real-time PCR (Figure 6C). The results of

immunohistochemistry and Western blot analysis showed

that the expression levels of PKM2, c-Myc, cyclin D1,

active MMP-2, and active MMP-9 were reduced in tumor

tissues from mice injected with miR-1294 overexpressing

osteosarcoma cells (Figure 6D and E).

Discussion
The important function of miRNAs such as miR-26a,7 miR-

29b,12 miR-155-5p,27 and miR-148a-3p27 in regulating

tumor progression of osteosarcoma has been widely

Figure 3 miR-1294 upregulation impaired migration and invasiveness of osteosarcoma cells. (A) Cell migration was determined by awound-healing test in MG63 and U2OS cells with

or without miR-1294 overexpression. (B) Cell invasiveness was evaluated by transwell assay in MG63 and U2OS cells following miR-1294 mimic treatment. (C) Expression levels of

MMP-2 and MMP-9 in miR-1294 overexpressing MG63 and U2OS cells were detected by Western blotting. Data are shown as mean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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reported. Nevertheless, there are still many miRNAs need

to be investigated. Very recently, the study from Zhang et al

showed that decreased miR-1294 was associated with

shorter survival in patients with osteosarcoma, and that

upregulation of miR-1294 inhibited proliferation and inva-

sion of osteosarcoma cells by targeting Homeobox A9.10 In

the present study, we further demonstrated that forced over-

expression of miR-1294 inhibited migration and tumori-

genicity of osteosarcoma cells, induced cell apoptosis, and

enhanced the chemosensitivity of osteosarcoma cells to

DDP. More importantly, we identified that PKM2, a new

target gene of miR-1294, played key roles in miR-1294-

mediated actions in osteosarcoma cells. Moreover, the

tumor-suppressing role of miR-1294 has been reported in

other of tumors, such as gastric cancer,8 esophageal squa-

mous cell carcinoma,19 epithelial ovarian cancer,7 oral

squamous cell carcinoma,9 and glioma.11

Uncontrolled growth, invasion, and metastasis are the

main characteristics of tumor cells.23 A variety of mole-

cules are involved in these processes. For instance, PCNA,

a key protein of DNA replication in eukaryotes, is upre-

gulated and reported as a useful biomarker for poor out-

come in patients with osteosarcoma.24 Overexpression of

c-Myc activates MEK-ERK pathway leading to the

increase in cell invasion.26 Cyclin D1 is the main regulator

for G1 phase progression, and its knockdown induces

apoptosis and cell cycle arrest in osteosarcoma cells.25

Cleavage of caspase 3 and PARP are two major funda-

mental proteins of programmed cell death.28 MMP-2 and

MMP-9 are related to tumor metastasis and are highly

expressed in various malignant tumors.29 In this study,

the change of above-mentioned factors was in accordance

with impaired cell proliferation, migration, and invasion,

and increased cell apoptosis in miR-1294-upregulated

Figure 4 PKM2 was a target of miR-1294 in osteosarcoma cells. (A) PKM2 expression in human mesenchymal stem cells (hMSCs) and five osteosarcoma cell lines (Saos-2,

MG63, U2OS, HOS, and 143B) was assessed by real-time PCR. (B) The miR-1294 binding site predictions for PKM2 3ʹUTR by microRNA.org. (C) A dual luciferase reporter

assay was performed to confirm the binding in 293T cells. (D and E) PKM2 expression in U2OS and HOS cells transfected with miR-1294 mimic by real-time PCR and

Western blot assays. (F and G) PKM2 expression in 143B cells transfected with miR-1294 inhibitor by real-time PCR and Western blot assays. Data are shown as mean ±

SD. ∗P < 0.05, ∗∗∗P < 0.001.
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osteosarcoma cells, which further confirm the anti-cancer

function of miR-1294 in osteosarcoma.

miRNAs mainly function as negative regulators of

gene expression. Our research revealed that miR-1294

regulated PKM2 expression by direct interaction with its

3ʹUTR. Re-induction of PKM2 reversed the inhibitory

actions of miR-1294 mimic on osteosarcoma cells. It has

been reported that PKM2 is increased and its knockdown

inhibits survival and invasion of osteosarcoma cells.17,23

Other miRNAs including miR-133b,30 miR-214,31 and

miR-139-5p32 have been implicated in inhibiting cancer

cell growth by downregulation of PKM2. Moreover, it is

also known that PKM2 contributes to tumor

metabolism.33,34 In consideration of the association

between PKM2 and miR-1294, it is possible that miR-

1294 plays a role in the metabolism of osteosarcoma. In

addition, multiple pathways are involved in the regulation

of PKM2 in cancer cells, such as β-catenin,35 mechanistic

target of rapamycin (mTOR),36 epidermal growth factor

receptor (EGFR),37 and p2738 pathways. Whether these

signaling pathways participate in the regulation of miR-

1294-mediated anti-tumor effects in osteosarcoma need to

be further investigated. Moreover, we found that miR-

1294/PKM2 axis enhanced DDP chemosensitivity in

osteosarcoma cells. Shikonin, a PKM2 inhibitor, has

been proved to overcome the DDP resistance in bladder

cancer.27 The study from Zhang et al showed that miR-

1294 prevented ovarian cancer DDP resistance by target-

ing IGF1R.12 Our data showed that PKM2 upregulation

only partly reversed the effect of miR-1294 on DDP-

treated cells, indicating that other targets of miR-1294,

apart from PKM2 may contribute to miR-1294-mediated

anti-tumor activity, such as IGF1R. Previous studies

showed that silencing of PKM2 enhanced radiosensitivity
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Figure 5 Overexpression of PKM2 reversed the actions of miR-1294 upregulation on osteosarcoma cells. (A) Cell proliferation was evaluated by CCK-8 assay. (B) Cell apoptosis
was examined by flow cytometry using Annexin Vand PI staining. (C) Cell migrationwas assessed by awound-healing assay. (D) Cell invasiveness was determined by transwell assay.

(E) Expression levels of c-Myc, cyclin D1, cleaved-caspase 3, MMP-2, andMMP-9were texted byWestern blotting. Data are shown asmean ± SD. ∗P < 0.05, ∗∗P < 0.01, ∗∗∗P < 0.001.
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of cervical cancer and non-small cell lung cancer,28,39

suggesting that miR-1294/PKM2 axis may play a role in

radiosensitivity of osteosarcoma.

Conclusions
This study demonstrated that upregulation of miR-1294 is

an effective strategy to inhibit cell growth and tumorigeni-

city and enhanced DDP chemosensitivity. Moreover,

PKM2 plays an important role in miR-1294-mediated anti-

tumor actions, indicating that miR-1294/PKM2 axis may

act as a potential therapeutic target for the treatment of

osteosarcoma.
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