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LncRNA HOTAIR promotes cisplatin resistance in gastric cancer
by targeting miR-126 to activate the PI3K/AKT/MRP1 genes
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Abstract Altered expression of long noncoding RNAs
(lncRNAs) has shown to associate with human cancer devel-
opment and progression and drug resistance. LncRNA HOX
antisense intergenic RNA (HOTAIR) regulates chromatin
state and highly expressed in various human cancers. This
study analyzed HOTAIR expression in gastric cancer cells
and tissues and then assessed the effects of HOTAIR on mod-
ulation of gastric cancer cell sensitivity to cisplatin and the
underlying molecular events. The data showed that HOTAIR
was significantly upregulated in cisplatin-resistant gastric can-
cer cells and tissues compared with control cells and noncan-
cerous gastric tissues. Overexpression of HOTAIR enhanced
gastric cancer cell proliferation, promoted cell cycle G1/S
transition, but decreased tumor cell apoptosis. Furthermore,
HOTAIR was shown to directly bind to and inhibit miR-126
expression and then to promote VEGFA and PIK3R2 expres-
sion and activate the PI3K/AKT/MRP1 pathway. In conclu-
sion, the data demonstrated that high HOTAIR expression
acted as a competitive endogenous RNA to promote cisplatin
resistance in gastric cancer. Further study will evaluate
HOTAIR expression as a biomarker to predict treatment re-
sponse of cisplatin and explore inhibition of HOTAIR

expression as a novel strategy for anti-cisplatin resistance in
human gastric cancer.
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Introduction

Gastric cancer is the fourth most frequently diagnosed human
malignancy and the second cause of cancer death globally [1].
Gastric cancer is mostly diagnosed at advanced stages of dis-
ease, and chemotherapeutic cisplatin is one of the major op-
tions in treating the advanced gastric cancer patients.
However, development of cisplatin resistance becomes the
obstacle to an effective control of gastric cancer clinically.
As the most important agent in chemotherapy of various hu-
man cancers, previous studies demonstrated that the molecular
mechanisms of cisplatin resistance included reduction of in-
tracellular cisplatin accumulation, ineffective induction of cell
death, and enhancement of DNA damage repair [2, 3]. The
factors that regulate chemoresistance of gastric cancer remain
poorly understood. Thus, better understanding the molecular
mechanisms of cisplatin resistance in gastric cancer could help
medical oncologists to obtain alternative strategies to conquer
gastric cancer and prolong survival of patients or simply, pre-
dict the treatment effectiveness of cisplatin.

To date, the human genome project has identified that more
than 90% of human genome is actively transcribed into RNA,
but only approximately 2 % of these RNA products encodes
proteins [4, 5]. These nonprotein-coding RNA molecules lon-
ger than 200 nucleotides are named as long noncoding RNAs
(lncRNAs), and lncRNAs have shown to significantly contrib-
ute to human homeostasis and pathological conditions, includ-
ing chemotherapy resistance in cancer patients [6–8].
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HOTAIR (HOX antisense intergenic RNA) is a lncRNA, gene
of which is localized in chromosome 12 and transcribed from
the antisense strand of the HOXC locus [9]. Previous studies
showed that HOTAIR overexpression was associated with
chemoresistance; for example, Xue et al. demonstrated that
HOTAIR enhanced estrogen receptor (ER) signaling and pro-
moted tamoxifen resistance in breast cancer [10], while
HOTAIR overexpression led to chemoresistance of ovarian
cancer by activation of the Wnt/β-catenin pathway [11].
Recently, HOTAIR was reported to be able to regulate cancer
cell malignant phenotypes by acting as a competing endoge-
nous RNA (ceRNA), a completely novel mechanism of gene
regulation. In particular, lncRNA and messenger RNA
(mRNA) transcripts can affect each other by competitively
combining with a microRNA (miRNA) response element
(MRE) to influence post-transcriptional regulation of mRNA
translation [12]. However, it could be interesting to assess
whether HOTAIR is bale promote cisplatin resistance in gas-
tric cancer.

Therefore, in this study, we first analyzed HOTAIR expres-
sion in gastric cancer cells and tissues. Then we assessed the
effects of HOTAIR on modulation of gastric cancer cell sen-
sitivity to cisplatin and the underlying molecular events by
exploring whether HOTAIR could act as a ceRNA in regulate
cisplatin resistance.

Materials and methods

Tissue samples

Thirty paired primary gastric cancer and corresponding adja-
cent noncancerous gastric tissues were collected from The
First Affiliated Hospital of Nanjing Medical University.
None of the patients had received radiotherapy or chemother-
apy before surgical resection. Specimens were snap-frozen in
liquid nitrogen and stored at −80 °C immediately after resec-
tion. This study protocol was approved by the ethical commit-
tee of the First Affiliated Hospital of Nanjing Medical
University (Nanjing, China), and informed consent was ob-
tained from all patients before the study was initialed.

Cell lines and culture

Human gastric cancer cell lines SGC-7901 and BGC-823 and
their corresponding cisplatin resistance cell lines SGC-7901/
DDP and BGC-823/DDP were obtained from the Shanghai
Institute of Cell Biology (Shanghai, China) and maintained in
PRIM-1640 (GIBCO, Rockville, MD, USA) with 10 % fetal
bovine serum (GIBCO), 100 U/ml penicillin, and 100 μg/ml
streptomycin in humidified incubator with 5 % CO2 at 37 °C.

Quantitative reverse transcription-polymerase chain
reaction

Total RNAwas isolated from cells and tissues using a Trizol
reagent (Takara, Otsu, Japan) following the manufacturer’s
instruction and reversely transcribed into complementary
DNA (cDNA) using the reverse transcription kit (Takara) for
mRNA and using the miRNA First-Strand cDNA Synthesis
Kit (GeneCopoeia, Guangzhou, China) for miRNA. qPCR
was then conducted in triplicate using the SYBR Green PCR
Kit (Takara) on the Applied Biosystems Step One Plus Real-
Time PCR System (Applied Biosystems, Foster city, CA,
USA). Glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and U6 were used as internal controls for mRNA
andmiRNA, respectively. Comparative quantification was de-
termined using the method of 2−ΔΔCT. The primer sequences
are listed in Table 1.

Gene transfection

Plasmids and small interfering RNA (siRNA) constructs were
purchased from Invitrogen (Nanjing, China). Both the
miRNA mimic and miRNA inhibitor were synthesized by
GenePharma Company (Shanghai, China). Plasmid and oli-
gonucleotide transfection was conducted using Lipofectamine
2000 reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocols. After 48 h or 72 h of gene trans-
fection, cells were collected and used for further experiments.

Dual-luciferase reporter assay

The cDNA fragments from HOTAIR containing the predicted
miR-126 binding sites were amplified by PCR and then
cloned into the downstream of the firefly luciferase gene in
pGL3 (Promega, Madison, WI, USA). In brief, cells grown in
the 24-well plates were transfected with luciferase reporters
and miR-126 mimic, miR-126 inhibitor, or corresponding
negative controls using Lipofectamine 2000 according to the
manufacturers’ instruction for 48 h. After that, cells were har-
vested and subjected to luciferase reporter assays using the kit
from Promega and the ratios of firefly luciferase to Renilla
luciferase were calculated with a Promega Glomax 2020
Single Tube Luminometer instrument (Promega) for each
well. Each experiment was performed in triplicate and repeat-
ed at least once.

Protein extraction and Western blot

The total cellular protein was extracted using the RIPA buffer
containing the complete protease inhibitor cocktail (Roche,
Indianapolis, IN, USA). Protein lysates were quantified and
separated in sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis (SDS-PAGE) gel and transferred onto
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polyvinylidene fluoridemembranes (Millipore, Billerica,MA,
USA). The membranes were then blocked with 5 % bovine
serum albumin (BSA) in phosphate buffered saline (PBS) for
2 h and were incubated with an antihuman-VEGFA, PIK3R2,
AKT, p-AKT, MRP1, or GAPDH antibody (Abcam,
Cambridge, MA, USA) at 4 °C overnight. On the next day,
the membranes were washed with PBS-Tween-20 (PBS-T) for
three times and further incubated with horseradish peroxidase-
conjugated anti-mouse or rabbit IgG at the room temperature
for 1 h. After washing, the signal was visualized through a
chemiluminescent detection system (Pierce ECL Substrate
Western blot detection system, Thermo, Rockford, IL, USA)
and then exposed in a Molecular Imager ChemiDoc XRS
System (Bio-Rad, Hercules, CA, USA).

Cell viability assay

The in vitro chemosensitivity of gastric cancer cells to cisplat-
in was determined by the CCK-8 (Dojindo, Kumamoto,
Japan) assay. Briefly, cells were seeded into 96-well plates at
a density of 3 × 103 cells/well and grown overnight. Next,
cells were treated with various concentrations (0, 1, 5, 10,
12, 16, 18, 20, 22, and 24 μg/ml) of cisplatin. After 24 h, cell
vitality was assessed using CCK-8 solution. Each experiment
was performed in triplicate and repeated at least thrice. For
assaying the effect of gene transfection, CCK-8 cell viability
assay was also performed after gene transfection.

Colony formation assay

Cells were trypsinized to single cell suspensions and were
plated on 6-well plates and either treated with different con-
centration of cisplatin or gene transfection. After incubation in
a humidified atmosphere of 5 % CO2 at 37 °C for 10 days,
colonies were stained with Crystal violet (Sigma, St Louis,
MO, USA) and counted under a dissecting microscope and
quantified using MacBiophotonics ImageJ (www.
macbiophotonics.ca).

Flow cytometric cell cycle and apoptosis assay

For the cell cycle distribution assay, cells (1 × 106) after treat-
ment and gene transfection were fixed with 70 % ethanol at
−20 °C for 24 h and treated with RNase A at 37 °C for
30 min and then added with propidium iodide solution (PI;
KeyGen, Nanjing, China). The cell suspensionmixture was then
incubated at the room temperature for 30min in the dark. For the
apoptosis assay, the Annexin V-FITC Apoptosis Detection Kit
(Vazyme, Nanjing, China) was utilized to double stain cells with
FITC-AnnexinVand PI according to themanufacturer’s instruc-
tion. Cells in both assays were analyzed using the BD
Biosciences FACSCalibur Flow Cytometer (BD Biosciences,
Franklin Lakes, NJ, USA).

Statistical analysis

The data were presented as the mean ± S.D. and statistically
analyzed using Student’s t test. The correlation significance
was determined by means of Spearman and Pearson correla-
tion analyses. A two side value of p < 0.05 was considered
statistically significant. All statistical analyses were performed
by using SPSS 20.0 (SPSS, Chicago, IL, USA) or Graphpad
Prim 5 (GraphPad Software, La Jolla, CA, USA).

Results

Upregulated HOTAIR expression in cisplatin-resistant
gastric cancer cells and tissue specimens

In this study,we first confirmed the cisplatin sensitivity of gastric
cancer cells using cell viability CCK-8 assay and confirmed
higher cisplatin IC50 in cisplatin-resistant gastric cancer SGC-
7901/DDP and BGC-823/DDP cells than in cisplatin-sensitive
gastric cancer SGC-7901 and BGC-823 cells (Fig. 1a, b). We
then detected HOTAIR expression in these cell lines and tissue
samples. We found that HOTAIR expression was significantly
upregulated in cisplatin-resistant gastric cancer cells (Fig. 1c, d).

Table 1 Primers for qPCR
amplification of mRNA and
miRNA

Gene Forward (5′-3′) Reverse (5′-3′)

MiR-126 GGCTCGTACCGTGAGTAAT GTGCAGGGTCCGAGGT

U6 CTCGCTTCGGCAGCACA ACGCTTCACGAATTTGCGT

HOTAIR CAGTGGGGAACTCTGACTCG GTGCCTGGTGCTCTCTTACC

VEGFA CTACCTCCACCATGCCAAGT GCAGTAGCTGCGCTGATAGA

PIK3R2 ATG GCA CCT TCC TAG TCC GAGA CTC TGA GAA GCC ATA GTG CCCA

PI3K TTGTCTGTCACACTTCTGTAGTT AACAGTTCCCATTGGATTCAACA

AKT TTCTGCAGCTATGCGCAATGTG TGGCCAGCATACCATAGTGAGGTT

MRP1 GCCTGTTTTGGTAAAGAACTGGAAG CCTTGGAACTCTCTTTCGGCTG

GAPDH ATGTTCGTCATGGGTGTGAA GGTGCTAAGCAGTTGGTGGT
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Moreover, compared to the normal gastric epithelial cells GES-
1, HOTAIR was obviously overexpressed in SGC-7901 than in
GES-1 (Fig. 1e). HOTAIRwas also overexpressed in 30 pairs of
human gastric cancer compared with the corresponding noncan-
cerous tissue specimens (Fig. 1f). After 24 h cisplatin treatment,
HOTAIR expression was also upregulated in gastric cancer cells
(Fig. 1g). Collectively, these results suggested that upregulated
HOTAIR expression might be involved in cisplatin resistance
and development of gastric cancer.

HOTAIR promotion of gastric cancer SGC-7901 cell
resistance to cisplatin

Next, we transfected HOTAIR cDNA and empty vector (pc-
control), respectively, into cisplatin-sensitive gastric cancer
SGC-7901 cells to assess the effect of HOTAIR on regulation
of cisplatin resistance in gastric cancer. Quantitative reverse
transcription-polymerase chain reaction (qRT-PCR) analysis re-
vealed that HOTAIR expression was significantly increased in

Fig. 1 Upregulated HOTAIR
expression in cisplatin-resistant
gastric cancer cell lines and
gastric cancer tissues. a Cell
viability CCK-8 assay. Gastric
cancer SGC-7901 and SGC-
7901/DDP cells were treated with
various concentrations of
cisplatin for 24 h and then
subjected to the CCK-8 assay.
The IC50 was then calculated for
SGC-7901 and SGC-7901/DDP
cells. b Cell viability CCK-8
assay. Gastric cancer BGC-823
and BGC-823/DDP cells were
treated with various
concentrations of cisplatin for
24 h and then subjected to the
CCK-8 assay. The IC50 was then
calculated for BGC-823 and
BGC-823/DDP. c qRT-PCR.
Levels of HOTAIR mRNAwere
assayed using qRT-PCR in SGC-
7901 and SGC-7901/DDP cells. d
qRT-PCR. Levels of HOTAIR
mRNAwere assayed using qRT-
PCR in BGC-823 and BGC-823/
DDP. e qRT-PCR. Levels of
HOTAIR mRNAwere assayed
using qRT-PCR in GES-1, SGC-
7901, and BGC-823 cell lines. f
qRT-PCR. Levels of HOTAIR
mRNAwere assayed using qRT-
PCR in gastric cancer and the
paired normal tissues. g qRT-
PCR. Levels HOTAIR mRNA
were assayed using qRT-PCR in
SGC-7901 cells stimulated by
cisplatin for 0, 12, 24, 36, and
48 h. (*p < 0.05)
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pc-HOTAIR-transfected SGC-7901 cells compared with cells
transfected with pc-control (Fig. 2a). Moreover, the CCK-8 as-
say showed that viability of SGC-7901 cells transfected with pc-
HOTAIR was significantly higher than that of pc-control-
transfected tumor cells (Fig. 2b), while the colony formation

assay also showed the similar results (Fig. 2c). Moreover, com-
pared with the empty vector-transfected cells, the apoptosis rate,
including early and later apoptosis, was decreased in cells
transfected with pc-HOTAIR (Fig. 2d). The percent of SGC-
7901 cells in S phase was increased after HOTAIR

Fig. 2 Effects of HOTAIR
expression on promotion of SGC-
7901 cell resistance to cisplatin. a
qRT-PCR. SGC-7901 cells were
transfected with plasmid of
HOTAIR cDNA (pc-HOTAIR) or
control plasmid (pc-control) and
then subjected to qRT-PCR anal-
ysis of HOTAIR levels. b Cell
viability CCK-8 assay. SGC-7901
cells were transfected with pc-
HOTAIR cDNA (pc-HOTAIR) or
control plasmid (pc-control), ex-
posed to cisplatin (4.0 μg/ml),
and then subjected to CCK-8 as-
say. c Colony formation assay.
The duplicated cells were sub-
jected to colony formation assay.
The graph is summarized data of
the colony formation assay. d
Flow cytometric apoptosis assay.
The same prepared SGC-7901
cells were subjected to flow cyto-
metric assay. The graph is sum-
marized data. e Flow cytometric
cell cycle distribution assay. The
same prepared SGC-7901 cells
were subjected to flow cytometric
cell cycle analysis. The graph is
summarized data. All data are
expressed as the mean ± S.D. of
three individual experiments.
*p < 0.05 compared with the
controls
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overexpression (Fig. 2e). Thus, upregulation of HOTAIR ex-
pression could promote cisplatin resistance of SGC-7901 cells.

Sensitization of gastric cancer SGC7901/DDP cells
to cisplatin after HOTAIR knockdown

To further confirm the effect of HOTAIR expression on cisplat-
in resistance in gastric cancer cells, we knocked downHOTAIR
expression in SGC7901/DDP cells using small interfering RNA
(sirna) targetingHOTAIR (si-HOTAIR) and sirna targeting con-
trol (si-control) as a negative control. The qRT-PCR assay con-
firmed si-HOTAIR knocked down HOTAIR expression in tu-
mor cells (Fig. 3a). The cell viability assay showed that si-
HOTAIR transfection reduced tumor cell viability regardless
treatment with or without cisplatin compared with si-control
transfected cells (Fig. 3b, c). Moreover, the flow cytometric apo-
ptosis assay showed that si-HOTAIR transfection promoted tu-
mor cells to undergo apoptosis in SGC7901/DDP cells regardless
treatment with or without cisplatin compared with those
transfected with si-control (Fig. 3d). The percentage of cells in
the S phase was declined in si-HOTAIR transfected tumor cells
(Fig. 3e). These results therefore suggested that reducedHOTAIR
expression sensitized SGC7901/DDP cells to cisplatin treatment.

HOTAIR-regulated cisplatin resistance by directly
targeting miR-126

Recently, emerging evidence suggests that lncRNA could reg-
ulate microRNA expression because lncRNA sequences are
complementary to miRNAs and have a regulatory effect on
miRNAs and miRNA targeted mRNA [13, 14]. To explore
whether HOTAIR has a similar regulatory mechanism of
miRNA in gastric cancer cells, we performed online software
Diana Tool analysis and predicted HOTAIR targeting
miRNAs and selected miR-126, which has four predicted
binding sites with high binding scores (Fig. 4a).

We then investigated whether HOTAIR is able to directly
target miR-126 using the dual-luciferase reporter assay
(Fig. 4b). Among these four pGL3-HOTAIR plasmids, the
relative luciferase activities of the first reporter plasmid were
decreased by 30 % in miR-126 mimic-transfected SGC-7901
cells. In contrast, miR-126 inhibitor transfection significantly
elevated the luciferase activities. The first putative miR-126-
biding site mutation plasmid-carried luciferase reporter assay
showed that co-transfection of miR-126 mimic and inhibitor
abrogated the inhibition and promotion effects, respectively
(Fig. 4c). Moreover, in comparison with those pc-control
groups, miR-126 expression was decreased in pc-HOTAIR-
transfected cells (Fig. 4d), whereas transfection with si-
HOTAIR upregulated miR-126 expression (Fig. 4e). In addi-
tion, similar inverse association between HOTAIR and miR-
126 expression occurred when cells were transfected with

miR-126 mimic and miR-126 inhibitor compared to their re-
spective controls (Fig. 4f, g).

We then assessed miR-126 expression in gastric cancer cells
and tissues and found that miR-126 was significantly downreg-
ulated in gastric cancer tissues and SGC-7901/DDP cells com-
pared with noncancerous gastric tissues and SGC-7901, respec-
tively (Fig. 4h, i), although there was no significant difference in
miR-126 expression between BGC-823 and BGC-823/DDP
cells (Fig. 4j). We found an inverse association between miR-
126 and HOTAIR expression in 30 cases of gastric cancer tis-
sues, although it did not reach statistically significant. Taken
together, our results demonstrated that HOTAIR could regulate
miR-126 expression by acting as an endogenous sponge.

HOTAIR promotion of cisplatin resistance by activation
of the PI3K/AKT/MRP1 proteins

Previous studies revealed that miR-126 enhanced sensitivity of
non-small cell lung cancer cells to anticancer agents by
targeting vascular endothelial growth factor A (VEGFA) [15].
miR-126 was able to inhibit expression of both VEGFA and
PIK3R2 in human breast cancer cells [16]. Indeed, VEGAF and
PIK3R2 are known to play a crucial role in chemotherapy re-
sistance through activation of the PI3K/AKT pathway and pro-
motion of multidrug resistance-associated protein 1 (MRP1)
expression [15, 17]. Thus, we explored whether HOTAIR-
regulated cisplatin resistance was through activation of the
PI3K/AKT/MRP1. We assessed levels of VEGFA, PIK3R2,
PI3K, AKT, phospho-AKT (p-AKT), and MRP1 expression
using qRT-PCR and Western blot, respectively (Fig. 5a–d).
The results showed that levels of VEGFA, PIK3R2, PI3K,
AKT, p-AKT, andMRP1 expression were associated with level
of HOTAIR expressions in cells transfected with pc-HOTAIR
or si-HOTAIR compared with the corresponding negative con-
trols. We, thus, speculated the mechanism underlying cisplatin
resistance of human gastric cancer schematically in Fig. 5e.
Taken together, these findings indicated that HOTAIR promot-
ed cisplatin resistance by binding to miR-126 and to promote
expression of the miR-126 targeting genes (VEGFA and
PIK3R2) and then to activate the PI3K/AKT/MRP1.

Discussion

Cisplatin is the most important chemotherapeutic agent in
clinical treatment of gastric cancer patients, especially in pa-
tient unresectable advanced gastric cancer. Cisplatin is able to
trigger tumor cells to undergo apoptosis by induction of DNA
damage and modulation of gene expression [18]. Despite its
initial success in improvement of patients’ survival, cisplatin
therapy eventually leads drug resistance of tumor cells [19].
Clinically, the mechanism underlying the drug resistance in-
volves in a series of pathological changes in tumor cells by
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expression or inhibition of gene expression or alteration of
drug distribution and availability in cancer cells [20, 21].

Thus, it is clinically important to identify expression of
cisplatin-altered genes, evaluate them as predictive markers

Fig. 3 Effects of HOTAIR
knockdown on sensitization of
SGC7901/DDP GC cells to
cisplatin. a qRT-PCR. SGC-7901
cells were transfected with si-
HOTAIR or si-control and then
subjected to qRT-PCR analysis of
HOTAIR levels. b Cell viability
CCK-8 assay. SGC-7901/DDP
cells were transfected with si-
HOTAIR or si-control, then
treated with or without cisplatin
(4.0 μM) for up to 96 h, and then
subjected to CCK-8 assay. c
Colony formation assay. The
duplicated cells were subjected to
colony formation assay. The
graph is summarized data of the
colony formation assay. d Flow
cytometric apoptosis assay. The
same prepared SGC-7901 cells
were subjected to flow cytometric
assay. The graph is summarized
data. e Flow cytometric cell cycle
distribution assay. The same
prepared SGC-7901 cells were
subjected to flow cytometric cell
cycle analysis. The graph is
summarized data. All data are
expressed as the mean ± S.D. of
three individual experiments.
*p < 0.05 compared with the
controls
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of the therapeutic response, and develop novel strategies to
improve gastric cancer treatment.

Thus, in the current study, we linked altered expression
lncRNA HOTAIR in gastric cancer resistance to cisplatin treat-
ment. Indeed, aberrant expression of various lncRNAs did as-
sociate with the development and prognosis of gastric cancer
[22]. Moreover, altered expression of lncRNA HOTAIR was

reported to promote drug resistance in breast, lung, and ovarian
cancers [10, 23, 24]. Our current data showed that HOTAIR
expression was upregulated in cisplatin-resistant gastric cancer
cells as well as in gastric cancer tissue specimens. HOTAIR
expression promoted gastric cancer SGC-7901 cell resistance
to cisplatin treatment in vitro, whereas knockdown of HOTAIR
expression using siRNA sensitized gastric cancer SGC7901/
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DDP cells to cisplatin treatment in vitro. Furthermore, HOTAIR
enhanced cisplatin resistance by directly targeting and
inhibiting miR-126 expression and then activated expression
and activity of the PI3K/AKT/MRP1 in gastric cancer cells.
Our ex vivo data also confirmed the inverse association of
miR-126 and HOTAIR expression in gastric cancer tissues.
These findings suggest that HOTAIR plays a role in cisplatin
resistance of gastric cancer.

HOTAIR was firstly identified in the nucleus of breast can-
cer cells, especially metastasized breast cancers [25] and
HOTAIR was able to bind to polycomb repressive complex
2 (PRC2) complex and alter H3K27 methylation and gene
expression to induce tumor cell invasiveness and metastasis
[25]. Moreover, HOTAIR was reported to act as a scaffold in
the cytoplasm to induce ubiquitin-mediated proteolysis by fa-
cilitating the ubiquitination of ataxin-1 and snurportin-1 [26].
A previous study recently speculated that HOTAIR could be
able to communicate with other RNA transcripts through
miRNA response elements through this Bcompeting endoge-
nous RNA^ (ceRNA) activity and, therefore, to play a role in
cancer development [27]. Indeed, a previous study verified
that HOTAIR was able to competitively bind to miR-331-3p
and in turn to regulate HER2 expression in gastric cancer [28].
In our current study, we found that HOTAIR was able to bind
to miR-126 and inhibit miR-126 expression in vitro and our
ex vivo data confirmed the inverse association of their expres-
sion levels in gastric cancer tissue specimens. Our data surely
validated the prediction of the Diana Tool analysis. Our reason
to select miR-126 among other miRNAs was based on previ-
ous data showing that miR-126 expression could sensitize

cervical and lung cancer cells to chemotherapeutic agents
[15, 29]. We also showed that transfection of HOTAIR
cDNA significantly suppressed miR-126 expression, whereas
knockdown of HOTAIR expression significantly upregulated
miR-126 expression in gastric cancer cells. Also, transfection
of miR-126 mimic into gastric cancer cells decreased
HOTAIR expression, which was consistent with a previous
study revealing that lncRNA and miRNA were inversely as-
sociated and RNA-induced silencing complex (RISC) was
recruited to cleave miRNA [14].

Furthermore, miR-126 has been reported to enhance
chemotherapy sensitivity in various human cancers, includ-
ing osteosarcoma, cervical cancer and lung cancer, and
osteosarcoma [15, 29–31]. In addition, increasing number
of studies focused on the mechanism of miR-126 in drug
resistance. For example, Zhu et al. showed that enhanced
expression of miR-126 induced the sensitivity of non-
small-cell lung cancer to anticancer agents and the mech-
anism was through a negative regulation of the VEGFA/
PI3K/AKT/MRP1 signaling pathway [15]. Multidrug
resistance-associated protein 1 (MRP1) is a member of
the ATP-binding cassette (ABC) transporter superfamily
that can be classified into seven distinct subfamilies and
functions as multispecific organic anion transporters, while
MRP1 involves in cisplatin-induced multidrug resistance
[32, 33]. Previous studies reported that besides VEGFA,
PIK3R2 was targeted by miR-126 [16, 34]. Therefore, we
hypothesized that HOTAIR could target and inhibit miR-
126 to enhance expression of VEGFA and PIK3R2 in
gastric cancer cells. Indeed, our data showed that expres-
sion and knockdown of HOTAIR in gastric cancer cells
modulated expression or activity of VEGFA, PIK3R2,
PI3K, AKT, p-AKT, and MRP1 mRNA or proteins.
Thus, our current study confirmed the data from previous
study and connected this novel HOTAIR-related gene
pathway in regulation of cisplatin resistance in gastric can-
cer. However, the ABC superfamily contains seven sub-
families with dozen proteins and further study is needed to
exclude other members of this superfamily in mediation of
HOTAIR-promoting cisplatin resistance in gastric cancer.

In conclusion, our current study is for the first time
to demonstrate that overexpression of lncRNA HOTAIR
was able to promote cisplatin resistance in gastric can-
cer by induction of tumor cell proliferation and reduc-
tion of apoptosis. At the gene level, HOTAIR func-
tioned as the endogenous sponge to activate expression
and activity of the PI3K/AKT/MRP1 pathway by com-
petitively binding to and inhibition of miR-126 expres-
sion to induce expression of the miR-126 targets
VEGFA and PIK3R2 in gastric cancer cells. However,
our current study is preliminary and further study is
needed to validate or exclude other molecules in medi-
ation of HOTAIR-induced cisplatin resistance in gastric

�Fig. 4 HOTAIR-regulated cisplatin resistance by directly targeting
of miR-126. a Diana Tool prediction of cDNA sequences of four
different miR-126 binding sites within the HOTAIR 3 ′-
untranslation region (3′-UTR). b Illustration of plasmids for lucif-
erase reporter assay. cDNA sequences of the first miR-126-
binding site within the HOTAIR 3′-UTR were PCR-amplified
and then cloned into the downstream of the luciferase reporter
gene in pGL3-luc vector. Mutation of HOTAIR 3′-UTR was also
generated. c Luciferase reporter assay. Four different HOTAIR 3′-
UTR fragments were co-transfected into SGC-7901 cells together
with miR-126 mimic or inhibitor and then subjected to the lucif-
erase assay. Mutated HOTAIR 3′-UTR corresponding to the first
miR-126-binding site was generated and co-transfected into SGC-
7901 cells together with miR-126 mimic or inhibitor and then
subjected to the luciferase assay. (d, e) qRT-PCR. SGC-7901 cells
were transfected with HOTAIR cDNA or si-HOTAIR or their
negative controls and then subjected to qRT-PCR analysis of
miR-126 expressionT-PCR. (f, g) qRT-PCR. SGC-7901 cells were
transfected with HOTAIR cDNA or si-HOTAIR or their negative
controls and then subjected to qRT-PCR analysis of miR-126 ex-
pression. h qRT-PCR. Level of miR-126 expression was detected
in gastric cancer tissues and noncancerous tissues. i, j qRT-PCR.
Level of miR-126 expression was detected in SGC-7901, SGC-
7901/DDP, BGC-823, and BGC-823/DDP cells. GAPDH was used
as an internal control. *p < 0.05 compared to the controls
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cancer. The better understanding of the precise molecu-
lar mechanism of cisplatin resistance could help us to
predict the responses of gastric cancer patients to
cisplatin-based chemotherapy and may provide novel
strategies for effective control of gastric cancer in the
future.
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