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HOTAIR Promotes Cisplatin Resistance
of Osteosarcoma Cells by Regulating Cell
Proliferation, Invasion, and Apoptosis via
miR-106a-5p/STAT3 Axis

Jiankuo Guo1,*, Dongmei Dou2,*, Tianlun Zhang3, and Bo Wang4

Abstract
Osteosarcoma (OS) is a common primary malignant bone tumor among adolescences, and the emergence of multidrug
resistance poses a huge challenge for clinical treatment of OS. LncRNA HOTAIR (HOX antisense intergenic RNA) has been
reported to be associated with many malignancies, including OS. However, the underlying mechanisms of HOTAIR involved
in drug resistance in OS are obscure. Our study showed that HOTAIR was upregulated in cisplatin (DDP)-resistant OS
tissues and cells. HOTAIR knockdown decreased the DDP resistance, drug resistance–related gene expression, cell
proliferation, and invasion and promoted apoptosis of Saos2/DDP, MG-63/DDP, and U2OS/DDP cells. Mechanism
researches displayed that miR-106a-5p was downregulated in DDP-resistant OS tissues and cells. MiR-106a-5p directly
bound with HOTAIR and was regulated by HOTAIR. Moreover, STAT3 was inhibited by miR-106a-5p at a post-
transcriptional level, and the transfection of miR-106a-5p reversed the upregulation of STAT3 caused by HOTAIR over-
expression. The increase or decrease of miR-106a-5p suppressed the effect of HOTAIR upregulation or downregulation on
DDP resistance, cell proliferation, invasion, and apoptosis of Saos2/DDP, MG-63/DDP, and U2OS/DDP cells. What’s more,
the transfection of STAT3 siRNA reversed the decrease of DDP resistance, cell proliferation, and invasion and rescued the
increase of apoptosis induced by miR-106a-5p inhibition. These data suggested that HOTAIR enhanced DDP resistance of
Saos2/DDP, MG-63/DDP, and U2OS/DDP cells by affecting cell proliferation, invasion, and apoptosis via miR-106a-5p/
STAT3 axis.
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Introduction

Osteosarcoma (OS) is a malignant bone tumor among chil-

dren and adolescents1. The usual treatment for OS patients is

surgery combined with multidrug chemotherapy, such as

cisplatin (DDP), ifosfamide, doxorubicin (Dox), and metho-

trexate2. Although combined chemotherapy has achieved a

high survival rate, unfortunately, OS is a relatively drug-

resistant disease3. Therefore, it is better to decipher and

understand the underlying molecular mechanisms of drug

resistance and to find novel therapeutic targets.

Long noncoding RNAs (lncRNAs) are a class of noncod-

ing RNAs over 200 nt in length4. LncRNAs are involved in

many physiological and pathological cellular functions such

as cell differentiation, development, apoptosis, proliferation,

and metabolism5–8. LncRNA HOTAIR (HOX antisense

intergenic RNA) has been found to be overexpressed in
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various human cancers9. HOTAIR alters histone H3K27

methylation and related gene expression profiles through

interaction with PRC2, thereby enhancing tumor invasion

and metastasis10. It has been reported that HOTAIR pro-

motes proliferation and metastasis of OS cells through the

AKT/mTOR signaling pathway11. Moreover, HOTAIR is a

potential target for the treatment of DDP-resistant ovarian

cancer12. However, the biological function of HOTAIR in

DDP resistance in OS is unclear.

MicroRNAs (miRNAs) are a class of endogenous small

noncoding RNAs of approximately 22 nucleotides in length

that regulate gene expression at the post-transcriptional

level13. MiRNAs regulate many cellular pathways and func-

tions, including cellular metabolism, differentiation, and apop-

tosis, so its dysregulation leads to many human diseases14.

More and more studies have shown that miRNAs play key roles

in cancer chemotherapy resistance, and their potential roles in

determining drug sensitivity or drug resistance have been con-

firmed by several researches15–17. MiR-106a-5p is a member of

the miR-17 family and is reported to be abnormally expressed

in various tumors18. It has been proved to exert antitumor

effects in astrocytoma, OS, and colorectal cancer18.

STAT3 is a member of the STATs (Signal Transduction

and Transcriptional Activator) family and acts as a signal

messenger and transcription factor19. The STATs family

plays an important role in regulating cell proliferation and

differentiation20. The expression and activity of STAT3 are

closely related to the occurrence, progression, invasion, and

metastasis of various tumors such as breast cancer, colon

cancer, and gastric cancer21. Besides, the overexpression

of STAT3 is strongly associated with the clinical stage of

OS and may be a major determinant of OS progression22,23.

In the present study, we found that HOTAIR and STAT3

were upregulated, while miR-106a-5p was downregulated in

DDP-resistant OS tissues and cells. Subsequent researches

demonstrated that HOTAIR enhanced DDP resistance of

Saos2/DDP, MG-63/DDP, and U2OS/DDP cells by affecting

cell proliferation, invasion, and apoptosis via miR-106a-5p/

STAT3 axis. This new regulatory network may provide a pro-

mising therapeutic approach for patients with DDP-resistant OS.

Materials and Methods

Tissue Samples

Sixty patients (5–26 years old) including 38 males and 22

females with OS received the same chemotherapy regimen

(DDP, methotrexate, ifosfamide, and doxorubicin for two

cycles) before surgery, and they all underwent complete resec-

tion at Huaihe Hospital of Henan University between 2010 and

2018. The tissues were confirmed by pathological examination

and classified according to the Enneking Stage. We collected

the tumor tissues surgically removed from all patients and

selected 20 cases of DDP-sensitive and 20 cases of DDP-

resistant tissues according to the Huvos scoring system. The

adjacent normal tissues which were located at least 5 cm away

from the tumor tissues were collected as the control. All tissues

were frozen in liquid nitrogen and stored at�80�C. The study

was approved by the Ethics Committee of Huaihe Hospital of

Henan University, and informed consent was provided for all

OS patients or their guardians. The clinical parameters of

OS patients in this study are shown in Supplemental Table 1.

Cell Culture and Transfection

The Saos2, MG-63, U2OS, and HEK293A cell lines were

purchased from the Shanghai Institutes for Biological

Sciences (Shanghai, China). DDP-resistant OS cell strains

(Saos2/DDP, MG-63/DDP, and U2OS/DDP) were estab-

lished from the parental cell lines Saos2, MG-63, and

U2OS by using an intermittent stepwise selection protocol

over 6 months, and finally exposed to 1.2 mg/ml DDP. All

cells were cultured using Dulbecco’s modified eagle’s

medium (Thermo Fisher Scientific, Waltham, MA, USA)

supplemented with 10% fetal bovine serum (Gibco, Rock-

ville, MD, USA) at 37�C in 5% CO2.

The siRNAs against HOTAIR (si-HOTAIR and si-

HOTAIR#) and STAT3 (si-STAT3), miR-106a-5p mimic,

miR-106a-5p inhibitor, and their respective controls were

synthesized by Gene Pharma (Shanghai, China). Full-length

cDNA of HOTAIR was inserted into the pcDNA3.1 empty

vector. The cells were transfected with si-HOTAIR,

si-HOTAIR#, si-STAT3, miR-106a-5p mimic, miR-106a-5p

inhibitor, pcDNA3.1-HOTAIR, or their respective controls by

using the Lipofectamine® 3000 reagent (Thermo Fisher

Scientific).

Western Blotting

Total proteins were extracted by radioimmunoprecipitation

assay lysis buffer and 50 mg proteins were separated by 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis

(100 V, 2 h) and electrotransferred onto the polyvinylidene

difluoride membranes (Millipore, Boston, MA, USA) (250

mA, 2 h). After blocking with 5% skim milk powder at room

temperature for 2 h, the membranes were incubated with

primary antibodies overnight at 4�C. The primary antibodies

used in this study include anti-MDR1 [#13342; 1:1,000 dilu-

tion; Cell Signaling Technology (CST), Boston, MA, USA;

Reactivity: Human], anti-ABCB1 (#13342; 1:1,000 dilution;

CST; Reactivity: Human), anti-ABCC1 (#14685; 1:1,000

dilution; CST; Reactivity: Human), anti-ABCG2 (#4477;

1:1,000 dilution; CST; Reactivity: Human, Mouse, Rat),

anti-MRP5 (sc-376965; 1:1,000 dilution; Santa Cruz Bio-

technology, Santa Cruz, CA, USA; Reactivity: Human,

Mouse, Rat), anti-LRP1 (#64099; 1:1,000 dilution; CST;

Reactivity: Human, Mouse, Rat), anti-STAT3 (#4904;

1:2,000 dilution; CST; Reactivity: Human, Mouse, Rat,

Monkey), and glyceraldehyde 3-phosphate dehydrogenase

(#97166, 1:1,000 dilution; CST; Reactivity: Human, Mouse,

Rat, Monkey). Horseradish peroxidase–labeled goat anti-

rabbit immunoglobulin G (IgG) secondary antibodies
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(ab6721; 1:3,000 dilution; Abcam, Cambridge, UK) were

added and incubated with the membrane at room tempera-

ture for 1 h. After elution, the abundances of the proteins

were detected in a ChemiDoc XRS Imaging System (Bio-

Rad, Hercules, CA, USA). Image J software was used to

analyze the gray level of bands.

Apoptosis Assay

Apoptosis analysis was performed by using Annexin

V-FITC/propidium iodide (PI) apoptosis detection kit (Multi-

sciences, Shanghai, China). Cells were collected and washed

with phosphate buffered saline (PBS). Then they were resus-

pended, and 5 ml Annexin V-FITC and 5 ml PI were sequen-

tially added. Apoptosis was detected by flow cytometry.

Cell Proliferation Assay

Cell proliferation was measured using Cell Counting Kit-8

(CCK-8, Dojindo, Kumamoto, Japan) according to the man-

ufacturer’s instructions. The treated cells were seeded in a 96-

well plate and cultured for 24, 48, and 72 h, respectively. Ten

microliters of CCK-8 solution was added at each time point

and the cells were incubated at 37�C for 2 h. The absorbance

at 450 nm was measured using a microplate reader (Bio-Rad).

Quantitative Polymerase Chain Reaction

Total RNA was extracted using the TRIzol kit (Invitrogen,

Carlsbad, CA, USA) to detect the relative expression of genes.

Reverse transcription was performed using Transcriptor First

Strand cDNA Synthesis Kit (Takara Biotechnology, Dalian,

China). SYBR PrimeScript RT-PCR Kit (Takara Biotechnol-

ogy) was chosen to test the mRNA expression of genes. Quanti-

tative polymerase chain reaction (qPCR) system was designed

as follows: cDNA, 2.0 ml; SYBR Fast qPCR Mix, 10.0 ml;

reverse primer (10 mM), 0.8 ml; forward primer (10 mM), 0.8

ml; and RNase Free ddH2O, 6.4ml. The reaction conditions were

designed as follows: denaturation at 95�C for 3 min, followed by

35 cycles of 94�C for 15 s, 55�C for 25 s, and 72�C for 30 s. The

relative level was calculated by 2�DDCT method.

Transwell Assay

Cells were collected and suspended in serum-free medium

and seeded into the upper chamber with Matrigel at a density

of 2 � 104 every chamber. The lower chamber was supple-

mented with RPMI-1640 medium containing 10% fetal

bovine serum. After incubated for 48 h, the cells adhering

to the lower surface were fixed in methanol for 15 min and

stained using 0.05% crystal violet for 10 min. The cells were

counted under a light microscope.

Luciferase Activity Assay

StarBase v2.0 (http://starbase.sysu.edu.cn) online database

was used to predict the interactions between HOTAIR and

miR-106a-5p. The sequence of HOTAIR containing a miR-

106a-5p binding site was amplified and cloned to

psiCHECK-2 vector (Promega, Madison, WI, USA) to gener-

ate HOTAIR-WT (wild-type). The binding site of HOTAIR

was mutated to obtain the HOTAIR-MUT (mutant type) using

a Site-Directed Mutagenesis Kit (Stratagene, South Carolina,

USA). HOTAIR-WT (or HOTAIR-MUT) and miR-106a-5p

mimic were cotransfected into HEK293A cells, and relative

luciferase activities were measured using the Dual-Luciferase

Reporter Assay System (Promega).

TargetScan Human 7.2 (http://www.targetscan.org/vert_

72/) online database was used to predict the interactions

between miR-106a-5p and STAT3. Wild-type and three

mutant-type STAT3 reporters containing miR-106a-5p bind-

ing sites were amplified and cloned into psiCHECK-2 vector

to obtain STAT3-WT, STAT3-MUT1, STAT3-MUT2, and

STAT3-MUT Both. STAT3-WT, STAT3-MUT1, STAT3-

MUT2, or STAT3-MUT both were transfected into

HEK293A cells together with miR-106a-5p mimic, and rela-

tive luciferase activities were measured using the Dual-

Luciferase Reporter Assay System (Promega).

RNA Immunoprecipitation

RNA immunoprecipitation (RIP) assay was conducted using

Magna RIP RNA-Binding Protein Immunoprecipitation Kit

(Millipore, Billerica, MA, USA) according to the manufac-

turer’s instructions. In brief, cells were washed with ice-

cold PBS and then lysed in radioimmunoprecipitation

buffer at 4�C for 30 min. The whole cell lysates were incu-

bated with protein A/G sepharose beads conjugated to anti-

bodies against Ago2 (Millipore) or normal human IgG

(Millipore). Western blotting and qPCR were used to ana-

lyze immunoprecipitated RNA and total RNA from the

whole cell lysates (input controls).

Statistical Analysis

Statistical analysis was performed using SPSS 22.0 soft-

ware (Chicago, IL, USA). The measurement data were

expressed as mean + standard deviation. The comparison

between the data of the groups was analyzed by the Stu-

dent’s t-test and two-way analysis of variance. P < 0.05 was

considered statistically significant.

Results

HOTAIR was Upregulated in DDP-Resistant OS
Tissues and Cells

To measure the expression of HOTAIR in OS tissues and

cells, qPCR was performed. The results displayed that

HOTAIR was upregulated in DDP-sensitive and DDP-

resistant OS tissues compared to that in paracancerous tissues

(Fig. 1A). Patients with increased HOTAIR expression had a

reduced overall survival time than those with decreased

HOTAIR expression (Supplemental Fig. 5). Also, the data

Guo et al 3

&lpar;http://starbase.sysu.edu.cn
&lpar;http://www.targetscan.org/vert_72/
&lpar;http://www.targetscan.org/vert_72/


showed higher HOTAIR expression in Saos2/DDP, MG-63/

DDP, and U2OS/DDP cells in comparison to that in Saos2,

MG-63, and U2OS cells (Fig. 1B and Supplemental Fig. 2A).

Downregulation of HOTAIR Decreased the Resistance of
Saos2/DDP, MG-63/DDP, and U2OS/DDP Cells to DDP

To explore the role of HOTAIR played on OS chemoresis-

tance, the siRNAs specifically against HOTAIR were

transfected into Saos2/DDP, MG-63/DDP, and U2OS/DDP

cells (Fig. 1C and Supplemental Figs. 1A and 2B). As shown

in Fig. 1D, E and Supplemental Figs. 1B, C and 2C, the IC50

values of DDP in Saos2/DDP, MG-63/DDP, or U2OS/DDP

cells were observably increased compared with those in

Saos2, MG-63, or U2OS cells, but significantly decreased

after the interference of HOTAIR. In addition, we confirmed

that HOTAIR knockdown in Saos2/DDP, MG-63/DDP, and

U2OS/DDP cells effectively decreased the protein levels of

Figure 1. HOTAIR was upregulated in DDP-resistant OS tissues and cells, and HOTAIR knockdown decreased the DDP resistance of
Saos2/DDP and MG-63/DDP cells. (A, B) The expression of HOTAIR in DDP-sensitive (n¼ 20) and DDP-resistant (n¼ 20) OS tissues, Saos2/
DDP and MG-63/DDP cells (n ¼ 3), and their matched controls was measured by qPCR. Next, HOTAIR siRNA was transfected into Saos2/
DDP and MG-63/DDP cells; following transfection for 48 h, (C) the interference efficiencies were detected with qPCR (n¼ 3). (D, E) The IC50
values of DDP (n¼ 3) and (F, G) the protein levels of MDR1, ABCB1, ABCC1, ABCG2, MRP5, and LRP1 (n¼ 3) were detected by CCK-8 and
western blotting. *P < 0.05, **P < 0.01. DDP: cisplatin; OS: osteosarcoma; qPCR: quantitative polymerase chain reaction.
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MDR1, ABCB1, ABCC1, ABCG2, MRP5, and LRP1, which

were multidrug resistance–related genes (Fig. 1F, G and Sup-

plemental Figs. 1D, E and 2D).

Interference with HOTAIR Inhibited Cell Proliferation
and Invasion and Promoted Apoptosis of Saos2/DDP,
MG-63/DDP, and U2OS/DDP Cells

Based on the above results, the effect of HOTAIR in Saos2/

DDP, MG-63/DDP, and U2OS/DDP cells was further inves-

tigated. The data showed that the cell proliferative and inva-

sive abilities were prominently suppressed, but the apoptosis

was increased in Saos2/DDP, MG-63/DDP, and U2OS/DDP

cells by the decrease of HOTAIR (Fig. 2A–F and Supple-

mental Figs. 1F–K and 2E–G).

MiR-106a-5p was Downregulated in DDP-resistant OS
Tissues and Cells and Regulated by HOTAIR

We firstly found that miR-106a-5p was dramatically

downregulated in DDP-sensitive and DDP-resistant OS

tissues and Saos2/DDP, MG-63/DDP, and U2OS/DDP

cells in contrast to that in their matched controls (Fig.

3A, B and Supplemental Fig. 3A). Next, StarBase v2.0

online database was used to predict the putative target of

miR-106a-5p and HOTAIR, and the data indicated that

miR-106a-5p had a binding site with HOTAIR (Fig. 3C).

Subsequent luciferase reporter gene assay indicated that

the transfection of miR-106a-5p mimic resulted in the

decline of luciferase activity of HOTAIR-WT reporter,

but the luciferase activity of HOTAIR-MUT reporter had

Figure 2. Interference with HOTAIR inhibited proliferation and invasion and promoted apoptosis of Saos2/DDP and MG-63/DDP cells.
HOTAIR siRNA was transfected into Saos2/DDP and MG-63/DDP cells; following transfection for 48 h, the cell proliferation (A, B), invasion
(C, D), and apoptosis (E, F) were detected by CCK-8, transwell, and flow cytometry. n ¼ 3, **P < 0.01.
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no change (Fig. 3D). RIP assay showed the significant

enrichment of miR-106a-5p and HOTAIR using Ago2

antibody compared with IgG antibody (Fig. 3E). Further-

more, as shown in Fig. 3F and Supplemental Fig. 3B, the

inhibition of HOTAIR significantly upregulated miR-

106a-5p expression in Saos2/DDP, MG-63/DDP, and

U2OS/DDP cells.

HOTAIR Regulated the DDP Resistance, Cell
Proliferation, Invasion, and Apoptosis of Saos2/DDP,
MG-63/DDP, and U2OS/DDP Cells by Binding
miR-106a-5p

The HOTAIR overexpression vector was transfected into

Saos2/DDP, MG-63/DDP, and U2OS/DDP cells alone or

Figure 3. MiR-106a-5p was downregulated in DDP-resistant OS tissues and cells and regulated by HOTAIR. (A, B) The expression of
HOTAIR in DDP-sensitive (n ¼ 20) and DDP-resistant (n ¼ 20) OS tissues, Saos2/DDP and MG-63/DDP cells (n ¼ 3), and their matched
controls was measured by qPCR. (C) The binding site between HOTAIR and miR-106a-5p was predicted by StarBase v2.0. (D) The
luciferase activities of HOTAIR-WT (HOTAIR-MUT) reporters in Saos2/DDP and MG-63/DDP cells cotransfected with miR-106a-5p
mimic or negative control (NC) mimic were assessed by Dual-Luciferase Reporter Assay (n ¼ 3). (E) RIP assay was performed to observe
the position relation between HOTAIR and miR-106a-5p (n ¼ 3). (F) HOTAIR siRNA was transfected into Saos2/DDP and MG-63/DDP
cells; following transfection for 48 h, the expression of miR-106a-5p was detected by qPCR (n ¼ 3). **P < 0.01. DDP: cisplatin; OS:
osteosarcoma; qPCR: quantitative polymerase chain reaction; RIP: RNA immunoprecipitation.
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together with miR-106a-5p mimic. And we demonstrated

that the abnormally upregulation of miR-106a-5p reversed

the increase of IC50 values, drug resistance–related gene

expression, cell proliferation, and invasion induced by

HOTAIR overexpression in Saos2/DDP, MG-63/DDP, and

U2OS/DDP cells (Fig. 4A–H and Supplemental Fig.

3C–F). Moreover, compared with the HOTAIR-

overexpressed group, the transfection of miR-106a-5p

mimic promoted apoptosis (Fig. 4I, J and Supplemental

Fig. 3G).

STAT3 was a Target of miR-106a-5p

We observed that STAT3 was upregulated in DDP-sensitive

and DDP-resistant OS tissues and Saos2/DDP, MG-63/DDP,

and U2OS/DDP cells compared to that in their respective

controls (Fig. 5B, C and Supplemental Fig. 4A). TargetScan

Human 7.2 online database was used to predict the interac-

tions between miR-106a-5p and STAT3. We found that

STAT3 30-untranslated region (UTR) had two binding sites

with miR-106a-5p sequence (Fig. 5A). Following dual-luci-

ferase reporter gene assay displayed that miR-106a-5p over-

expression significantly reduced the luciferase activities of

STAT3-WT, STAT3-MUT1, and STAT3-MUT2, whereas

the luciferase activity in STAT3-MUT Both group showed

no obvious change (Fig. 5D). In addition, overexpression of

HOTAIR promoted STAT3 expression, whereas transfection

of miR-106a-5p mimic abolished this effect in Saos2/DDP,

MG-63/DDP, and U2OS/DDP cells (Fig. 5E, F and Supple-

mental Fig. 4B).

HOTAIR Regulated the DDP Resistance, Cell
Proliferation, Invasion, and Apoptosis of Saos2/DDP,
MG-63/DDP, and U2OS/DDP Cells via miR-106a-5p/
STAT3 Axis

Next, we investigated whether HOTAIR exerted its effects in

Saos2/DDP, MG-63/DDP, and U2OS/DDP cells via regulat-

ing miR-106a -5p/STAT3 axis. The results showed that the

transfection of miR-106a-5p inhibitor suppressed the decline

of IC50 values, the protein levels of drug resistance–related

genes and STAT3, cell proliferation and invasion caused by

HOTAIR interference, and the transfection of STAT3

siRNA impeded the effect of miR-106a-5p on DDP resis-

tance, STAT3 expression, cell proliferation, and invasion of

Saos2/DDP, MG-63/DDP, and U2OS/DDP cells (Fig. 6A–J

and Supplemental Fig. 4C–F). In contrast, the inhibition of

miR-106a-5p reversed the increase of apoptosis caused by

HOTAIR interference, and the inhibition of STAT3 reversed

the reduction of apoptosis caused by miR-106a-5p interfer-

ence (Fig. 6K, L and Supplemental Fig. 4G).

Discussion

DDP has been widely used in the treatment of various solid

tumors24. It is a metal-containing drug, which makes it

non-cross-resistance with other drugs in certain key path-

ways25. Therefore, the mere elaboration of the mechanism

of OS resistant to DDP alone has important therapeutic

value. In this study, we aimed to explore the mechanism

and function of HOTAIR in the DDP resistance in OS. Our

results suggested that HOTAIR knockdown reduced the

DDP resistance of Saos2/DDP, MG-63/DDP, and U2OS/

DDP cells.

A number of studies have shown that the expression

changes of lncRNAs are closely related to the occurrence

and development of OS26,27. Studies show that dysregulation

of lncRNA HOTAIR is related to tumor chemoresistance.

HOTAIR promoted sorafenib resistance by inhibiting miR-

217 in hepatic carcinoma28. The silence of HOTAIR

reverses DDP resistance of ovarian cancer cells by suppres-

sing miR-138-5p-regulated EZH2 and SIRT129. And

HOTAIR knockdown promotes the sensitivity of the GC cell

lines to DDP, regulates apoptosis-related genes, and inhibits

the expression of multidrug resistance genes11. Our data

showed that HOTAIR interference decreased the DDP resis-

tance and drug resistance–related gene expression of Saos2/

DDP, MG-63/DDP, and U2OS/DDP cells, which was con-

sistent with previous studies. HOTAIR is upregulated in

clinical OS tissue specimens, suggesting that HOTAIR is a

potential OS molecular marker11,30. This study revealed that

HOTAIR was upregulated both in DDP-resistant OS tissues

and cells. It is reported that the silence of HOTAIR inhibits

the proliferation, adhesion, migration, and invasion of OS

cells, which may play a role in tumor suppression in OS

cells31. HOTAIR inhibits human chondrosarcoma cell

growth by upregulation of miR-454-3p and Stat3 signal inac-

tivation in vivo31. In this study, we found that the effect of

HOTAIR on OS-resistant cell proliferation and invasion was

similar to that reported in the literature. And HOTAIR might

act by targeting the miR-106a-5p/STAT3 axis. In brief,

lncRNA HOTAIR was involved in the DDP resistance of

OS cells.

MiRNAs are reported to be novel DDP sensitivity mod-

ulators32. Recent studies have shown that miR-22 mediates

the DDP resistance of OS cells through suppressing autop-

hagy33. MiR-584 hinders cell proliferation and sensitizes OS

cells to DDP and taxanes34. Besides, miR-504 modulates OS

cell chemoresistance to DDP by targeting p5335. MiR-106a-

5p belongs to miR-17 family, members of which have been

reported to promote cancer development by promoting cell

proliferation, inhibiting apoptosis, and inducing tumor

angiogenesis18. As previous research has shown, miR-

106a-5p inhibits proliferation, migration, and invasion of

OS cells by targeting HMGA236. We found that miR-

106a-5p was downregulated in DDP-resistant OS tissues and

cells, and its overexpression or inhibition reversed the effect

of HOTAIR upregulation or downregulated on DDP resis-

tance, cell proliferation, invasion, and apoptosis of Saos2/

DDP, MG-63/DDP, and U2OS/DDP cells. What’s more,

STAT3 was regulated by miR-106a-5p, and miR-106a-5p

might play its role by targeting STAT3.
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Figure 4. HOTAIR regulated the DDP resistance, cell proliferation, invasion, and apoptosis of Saos2/DDP and MG-63/DDP cells by binding
miR-106a-5p. HOTAIR overexpression vector was transfected into Saos2/DDP and MG-63/DDP cells alone or together with miR-106a-5p
mimic; following transfection for 48 h, (A, B) the IC50 values of DDP, (C, D) and the protein levels of MDR1, ABCB1, ABCC1, ABCG2,
MRP5, and LRP1 were detected by CCK-8 and western blotting. Cell proliferation (E, F), invasion (G, H), and apoptosis (I, J) were detected
by CCK-8, transwell, and flow cytometry. n ¼ 3, **P < 0.01. DDP: cisplatin.
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STAT3 is upregulated in multiple cancer tissues37.

STAT3 has been reported to regulate cell proliferation,

migration, and invasion by modulating the expression of

Bcl-2 (apoptosis-related gene) and Cyclin D1 (cell cycle-

associated genes)20. Many studies have revealed that STAT3

expression and dysfunction are associated with OS develop-

ment, progression, metastasis, and drug resistance21. Many

miRNAs can target the 3’-UTR of STAT3 to affect the acti-

vation of cancer cells37. Besides, lncRNA has been found to

regulate tumorigenesis and tumor progression by modulating

STAT320. We testified in this article that STAT3 was

regulated by miR-106a-5p and HOTAIR, and STAT3 knock-

down reversed the effect of miR-106a-5p inhibition on DDP

sensitivity, proliferation, invasion, and apoptosis of Saos2/

DDP, MG-63/DDP, and U2OS/DDP cells, thus revealing

that STAT3 was closely related to the resistance of cells to

DDP in OS.

In summary, we demonstrated that lncRNA HOTAIR and

STAT3 were markedly upregulated, while miR-106a-5p was

notably downregulated in DDP-resistant OS tissues and

Saos2/DDP, MG-63/DDP, and U2OS/DDP cells. Mechan-

ism studies confirmed that HOTAIR was involved in the

Figure 5. STAT3 was a target of miR-106a-5p. (A) The binding sites between miR-106a-5p and STAT3 were predicted by TargetScan
Human 7.2. (B, C) The expression of STAT3 in DDP-sensitive (n¼ 20) and DDP-resistant (n¼ 20) OS tissues, Saos2/DDP and MG-63/DDP
cells (n ¼ 3), and their matched controls was measured by qPCR. (D) The luciferase activities of STAT3-WT (STAT3-MUT) reporters in
Saos2/DDP and MG-63/DDP cells transfected with miR-106a-5p mimic or NC mimic were assessed by Dual-Luciferase Reporter Assay (n¼
3). (E, F) HOTAIR overexpression vector and miR-106a-5p mimic were transfected respectively or cotransfected into Saos2/DDP and MG-
63/DDP cells, and the expression of STAT3 was detected by qPCR (n¼ 3). **P < 0.01. DDP: cisplatin; OS: osteosarcoma; qPCR: quantitative
polymerase chain reaction.
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formation of DDP resistance in OS via the miR-106a-5p/

STAT3 axis. This may offer a promising therapeutic strategy

to DDP-resistant OS.

Ethical Approval

This study was approved by the Ethics Committee at Huaihe Hos-

pital of Henan University.

Figure 6. HOTAIR regulated the DDP resistance, cell proliferation, invasion, and apoptosis of Saos2/DDP and MG-63/DDP cells via miR-
106a-5p/STAT3 axis. The HOTAIR siRNA, miR-106a-5p inhibitor, HOTAIR siRNA þmiR-106a-5p inhibitor, STAT3 siRNA, and miR-106a-
5p inhibitorþ STAT3 siRNA were transfected into Saos2/DDP and MG-63/DDP cells; following transfection for 48 h, (A, B) the IC50 values
of DDP, (C–F) and the protein levels of MDR1, ABCB1, ABCC1, ABCG2, MRP5, LRP1, and STAT3 were detected by CCK-8 and western
blotting. Cell proliferation (G, H), invasion (I, J), and apoptosis (K, L) were detected by CCK-8, transwell, and flow cytometry. n ¼ 3, *P <
0.05, **P < 0.01.

10 Cell Transplantation



Statement of Human and Animal Rights

All procedures in this study were conducted in accordance with

Huaihe Hospital of Henan University of Ethics Committee’s or

Institutional Review Board’s (Approval Number: HUHH10053)

approved protocols.

Statement of Informed Consent

Written informed consent was obtained from the patients for their

anonymized information to be published in this article.

Declaration of Conflicting Interests

The author(s) declared no potential conflicts of interest with respect

to the research, authorship, and/or publication of this article.

Funding

The author(s) received no financial support for the research, author-

ship, and/or publication of this article.

ORCID iD

Bo Wang https://orcid.org/0000-0003-1304-2413

Supplemental Material

Supplemental material for this article is available online.

References

1. Zhu KP, Ma XL, Zhang CL. Overexpressed circPVT1, a poten-

tial new circular RNA biomarker, contributes to doxorubicin

and cisplatin resistance of osteosarcoma cells by regulating

ABCB1. Int J Biol Sci. 2018;14(3):321–330.

2. Serra M, Hattinger CM. The pharmacogenomics of osteosar-

coma. Pharmacogenomics J. 2017;17(1):11–20.

3. Tu B, Zhu J, Liu S, Wang L, Tang T. Mesenchymal stem cells

promote osteosarcoma cell survival and drug resistance

through activation of STAT3. Oncotarget. 2016;7(30):

48296–48308.

4. Cheng FH, Zhao ZS, Liu WD. Long non-coding RNA ROR

regulated ABCB1 to induce cisplatin resistance in osteosar-

coma by sponging miR-153-3p. Eur Rev Med Pharmacol Sci.

2019;23(17):7256–7265.

5. Wang H, Qin R, Guan A, Yao Y, Huang Y, Jia H, Huang W,

Gao J. HOTAIR enhanced paclitaxel and doxorubicin resis-

tance in gastric cancer cells partly through inhibiting miR-

217 expression. J Cell Biochem. 2018;119(9):7226–7234.

6. Li Z, Liang Z, Wang Q. Overexpression of long non-coding

RNA HOTTIP increases chemoresistance of osteosarcoma cell

by activating the Wnt/b-catenin pathway. Am J Transl Res.

2016;8(5):2385–2393.

7. Liu C, Lin J. Long noncoding RNA ZEB1-AZS1 acts as an

oncogene in osteosarcoma by epigenetically activating ZEB1.

Am J Transl Res. 2016;8(10):4095–4105.

8. Sun L, Sun P, Zhou Q, Gao X, Han Q. Long noncoding RNA

MALAT1 promotes uveal melanoma cell growth and invasion

by silencing of miR-140. Am J Transl Res. 2016;8(10):

3939–3946.

9. Liu Z, Sun M, Lu K, Liu J, Zhang M, Wu W, De W, Wang Z,

Wang R. The long noncoding RNA HOTAIR contributes to

cisplatin resistance of human lung adenocarcinoma cells via

downregualtion of p21(WAF1/CIP1) expression. PLoS One.

2013;8(10):77293–77307.

10. Li J, Yang S, Su N, Wang Y, Yu J, Qiu H, He X. Overexpres-

sion of long non-coding RNA HOTAIR leads to chemoresis-

tance by activating the Wnt/beta-catenin pathway in human

ovarian cancer. Tumor Biol. 2016;37(2):2057–2065.

11. Li E, Zhao Z, Ma B, Zhang J. Long noncoding RNA HOTAIR

promotes the proliferation and metastasis of osteosarcoma cells

through the AKT/mTOR signaling pathway. Exp Ther Med.

2017;14(6):5321–5328.

12. Wang Y, Wang H, Song T, Zou Y, Jiang J, Fang L, Li P.

HOTAIR is a potential target for the treatment of cisplatinre-

sistant ovarian cancer. Mol Med Rep. 2015;12(2):2211–2216.

13. Cai G, Qiao S, Chen K. Suppression of miR-221 inhibits

glioma cells proliferation and invasion via targeting SEMA3B.

Biol Res. 2015;48(1):37–44.

14. Bao L, Li X. MicroRNA-32 targeting PTEN enhances M2

macrophage polarization in the glioma microenvironment and

further promotes the progression of glioma. Mol Cell Biochem.

2019;460(1-2):67–79.

15. Donzelli S, Mori F, Biagioni F, Bellissimo T, Pulito C, Muti P,

Strano S, Blandino G. MicroRNAs: short non-coding players in

cancer chemoresistance. Mol Cell Ther. 2014;2:16–27.

16. Kutanzi KR, Yurchenko OV, Beland FA, Checkhun VF,

Pogribny IP. MicroRNA-mediated drug resistance in breast

cancer. Clin Epigenet. 2011;2(2):171–185.

17. Dehghanzadeh R, Jadidi-Niaragh F, Gharibi T, Yousefi M.

MicroRNA-induced drug resistance in gastric cancer. Biomed

Pharmacother. 2015;74(1):191–199.

18. Pan YJ, Wei LL, Wu XJ, Huo FC, Mou J, Pei DS. MiR-106a-

5p inhibits the cell migration and invasion of renal cell carci-

noma through targeting PAK5. Cell Death Dis. 2017;8(10):

e3155.

19. Zhong B, Shi D, Wu F, Wang S, Hu H, Cheng C, Qing X,

Huang X, Luo X, Zhang Z, Shao Z. Dynasore suppresses cell

proliferation, migration, and invasion and enhances the antitu-

mor capacity of cisplatin via STAT3 pathway in osteosarcoma.

Cell Death Dis. 2019;10(10):687.

20. Dong Z, Wang Y. LncRNA BLACAT1 accelerates the prolif-

eration and migration of osteosarcoma cells through regulating

STAT3. Pathol Res Pract. 2019;215(3):571–579.

21. Li MH, Wu ZY, Wang Y, Chen FZ, Liu Y. Expression of miR-

29 and STAT3 in osteosarcoma and its effect on proliferation

regulation of osteosarcoma cells. Eur Rev Med Pharmacol Sci.

2019;23(17):7275–7282.

22. Yan J, Wang Q, Zou K, Wang L, Schwartz E, Fuchs J, Zheng

Z, Wu J. Inhibition of the JAK2/STAT3 signaling pathway

exerts a therapeutic effect on osteosarcoma. Mol Med Rep.

2015;12(1):498–502.

23. Sampson VB, Vetter NS, Kamara DF, Collier AB, Gresh RC,

Kolb EA, Loeb DM. Vorinostat enhances cytotoxicity of sn-38

and temozolomide in ewing sarcoma cells and activates

STAT3/AKT/MAPK pathways. PLoS One. 2015;10(11):

e0142704.

Guo et al 11

https://orcid.org/0000-0003-1304-2413
https://orcid.org/0000-0003-1304-2413
https://orcid.org/0000-0003-1304-2413


24. Dasari S, Bernard Tchounwou P. Cisplatin in cancer therapy:

molecular mechanisms of action. Eur J Pharmacol. 2014;

740(1):364–378.

25. Chou AJ, Gorlick R. Chemotherapy resistance in osteosar-

coma: current challenges and future directions. Expert Rev

Anticanc. 2006;6(7):1075–1085.

26. Wang G, Cui T, Sun L, Peng N, Yang C. Long noncoding

RNA LeXis promotes osteosarcoma growth through upregu-

lation of CTNNB1 expression. Am J Transl Res. 2017;7(7):

1577–1587.

27. Li Z, Dou P, Liu T, He S. Application of long noncoding rnas

in osteosarcoma: biomarkers and therapeutic targets. Cell Phy-

siol Biochem. 2017;42(4):1407–1419.

28. Tang XF, Zhang WC, Ye YF, Li H, Cheng LY, Zhang M,

Zheng SS, Yu J. LncRNA HOTAIR Contributes to sorafenib

resistance through suppressing mir-217 in hepatic carcinoma.

Biomed Res Int. 2020;2020(4):1–10.

29. Zhang Y, Ai H, Fan X, Chen SX, Wang YD, Liu LL. Knock-

down of long non-coding RNA HOTAIR reverses cisplatin

resistance of ovarian cancer cells through inhibiting miR-138-

5p-regulated EZH2 and SIRT1. Biol Res. 2020;53(1):1–10.

30. Han J, Shen X. Long noncoding RNAs in osteosarcoma via

various signaling pathways. J Clin Lab Anal. 2020;34(6):

e23317.

31. Zhou JJ, Cheng D, He XY, Meng Z, Ye HL, Chen RF. Knock-

down of long non-coding RNA HOTAIR sensitizes hepatocel-

lular carcinoma cell to cisplatin by suppressing the STAT3/

ABCB1 signaling pathway. Oncol Lett. 2017;14(6):

7986–7992.

32. Yu WC, Chen HH, Qu YY, Xu CW, Yang C, Liu Y.

MicroRNA-221 promotes cisplatin resistance in osteosarcoma

cells by targeting PPP2R2A. Biosci Rep. 2019;39(7):1–10.

33. Meng CY, Zhao ZQ, Bai R, Zhao W, Wang YX, Xue HQ, Sun

L, Sun C, Feng W, Guo SB. MicroRNA22 mediates the cis-

platin resistance of osteosarcoma cells by inhibiting autophagy

via the PI3K/Akt/mTOR pathway. Oncol Rep. 2020;43(4):

1169–1186.

34. Li L, Kong XA, Zang MS, Hu B, Fang X, Gui BJ, Hu Y.

MicroRNA-584 impairs cellular proliferation and sensitizes

osteosarcoma cells to cisplatin and taxanes by targeting CCN2.

Cancer Manag Res. 2020;12:2577.

35. Chen X, Lv C, Zhu X, Lin W, Wang L, Huang Z, Yang S, Sun

J. MicroRNA-504 modulates osteosarcoma cell chemoresis-

tance to cisplatin by targeting p53. Oncol Lett. 2019;17(2):

1664–1674.

36. He QY, Wang GC, Zhang H, Tong DK, Ding C, Liu K, Ji F,

Zhu X, Yang S. miR-106a-5p suppresses the proliferation,

migration, and invasion of osteosarcoma cells by targeting

HMGA2. DNA Cell Biol. 2016;35(9):506–520.

37. Rongxin S, Pengfei L, Li S, Xiaochen J, Yihe H. MicroRNA-

340-5p suppresses osteosarcoma development by downregulat-

ing the Wnt/b-catenin signaling pathway via targeting the

STAT3 gene. Eur Rev Med Pharmacol Sci. 2019;23(3):

982–991.

12 Cell Transplantation



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


