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INTRODUCTION

Although the incidence of gastric cancer (GC) has declined 
worldwide, it remains the sixth leading cancer and third most 
common cause of cancer deaths around the globe.1,2 The inci-
dence of GC is disproportionately high in East Asia. Overall, 
declining Helicobacter pylori (H. pylori) prevalence has result-
ed in reduced GC incidence and mortality; however, the de-
tailed mechanism of gastric carcinogenesis is still unclear.

Recent studies have demonstrated that long non-coding 
RNAs (lncRNAs) are associated with chromatin remodeling 
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complexes and lncRNAs act by guiding epigenetic regulators 
to specific loci to alter DNA methylation or histone status.3,4 ln-
cRNA is also known to function as a competitive endogeneous 
RNA (ceRNA) by sponging target miRNAs.5 Over the last de-
cade, remarkable progresses about GC-associated lncRNAs 
have been achieved.5 HOX transcript antisense intergenic 
RNA (HOTAIR) is one of the well-known lncRNAs that regulate 
gene expression by mediating the modulation of chromatin 
structure.6-14

Previous genome-wide and microarray studies showed spe-
cific target genes following HOTAIR overexpression.7 In breast 
cancer, protocadherin 10 (PCDH10) was transcriptionally re-
pressed upon HOTAIR expression.7 PCDH10 is known to be a 
member of the protocadherin gene family, which is a direct 
p53 transcriptional target and acts as an important tumor sup-
pressor gene by regulating tumor cell motility and migration in 
multiple cancers, including GC.15-17 Furthermore, in our previ-
ous study of gastrointestinal stromal tumor (GIST), microarray 
showed that TP53 was downregulated mostly after HOTAIR 
overexpression.18 Based on this finding, it is possible to infer that 
a regulatory mechanism may exist among HOTAIR, PCDH10, 
and p53.

To date, some studies have documented the important prog-
nostic role of lncRNA HOTAIR on GC. However, studies on how 
HOTAIR contributes to the target genes in gastric carcinogen-
esis, in combination with miRNA, are still rare. In addition, the 
association between HOTAIR and PCDH10 has not yet been 
reported in GC. Therefore, this study aimed to investigate the 
mechanistic role of HOTAIR and PCDH10 in GC. 

MATERIALS AND METHODS

Patients and tissue samples
Forty-nine GC tissue and paired adjacent gastric tissue sam-
ples were collected from 49 patients who underwent surgical 
resection or endoscopic resection for GC at Kangdong Sacred 
Heart Hospital, Hallym University College of Medicine. All 
samples were frozen in liquid nitrogen immediately after re-
section and stored at -80°C until use. The mean age of patients 
was 62.2±1.7 years, and the male/female ratio was 65.3%. This 
study was approved by the Ethics Committee of Kangdong 
Sacred Heart Hospital, and written informed consent was ob-
tained from all patients (IRB no. 2017-11-007).

Cell lines and cell culture 
A total of five GC cell lines (Kato III, MKN 28, MKN 45, MKN 
74, AGS) and normal GES-1 cell line were used. Human GC 
cells were cultured in RPMI-1640 medium (Thermo Scientific, 
Rockford, IL, USA) supplemented with 10% fetal bovine se-
rum (FBS), 1% penicillin, and streptomycin. The GC cells were 
incubated at an atmosphere of 5% CO2 and 95% air at 37°C.

RNA extraction, reverse transcription, and 
quantitative real-time PCR
Total RNA was extracted from 49 GC tissues and cell lines us-
ing TRIzol reagent (Invitrogen, Carlsbad, CA, USA). For cDNA 
synthesis, 2.0 μg of total RNA was reverse transcribed accord-
ing to the manufacturer’s protocol. The level of HOTAIR was 
measured by real-time PCR using iQ SYBR Green Supermix 
(Applied Biosystems Inc., Carlsbad, CA, USA). Ct value of the 
sample was normalized to the U6 or GAPDH expression, and 
the 2–ΔΔCt method was used to calculate the relative level. The 
primers used for this study are listed in Table 1.

Small interfering RNA transfection
MKN 28 and MKN 74 cells (2×105) were plated in 6-well culture 
plates and transfected after incubation for 24 h. Small interfer-
ing RNA (siRNA) and nonspecific control siRNA were synthe-
sized (Invitrogen), and cells were transfected using Lipo-
fectamine 2000 (Invitrogen). Target sequences for HOTAIR 
siRNAs were designed as follows: si-HOTAIR1, Sense: 50- 
GAACGGGAGUACAGAGAGAUU-30, Antisense: 50-AAUCU 
CUCUGUACUCCCGUUC-30; si-HOTAIR2, Sense: 50-CA 
CAUGAACGCCCAGAGAUU-30, Antisense: 50-AAUCUCU 
GGGCGUUCAUGUGG-30.

HOTAIR-overexpressing plasmid construction
To overexpress HOTAIR in AGS cell, we used human HOTAIR 
cDNA (Addgene, Plasmid #26110, Cambridge, MA, USA).18 The 
HOTAIR cDNA was amplified using a PCR system, and the re-
sulting product was inserted in the pcDNA3.1 vector (Addgene, 

Table 1. Primer Sequences Used for qRT-PCR

Primer name Direction Sequences (5’ to 3’)
HOTAIR Forward TGGGAGTGTGTTTTGTTGGA

Reverse CTACACAACCCCTTCGCTTC
PCDH10 Forward AACGGTGGAGATGAGGACAG

Reverse TCTCCGGATGGATGTTCTTC
DNMT1 Forward GCCTCTCTCCGTTTGGTACA

Reverse TCGGAGGCTTCAGCAGAC
EZH2 Forward CCTCGAGTACTGTGGGCAAT

Reverse CACTTTGCAGCTGGTGAGAA
SUZ12 Forward AGTTACTCGGCCTCCTCCTC

Reverse AGGAAAAGCTCGTGGTCAGC
p53 Forward CACATGACGGAGGTTGTGAG

Reverse ACACGCAAATTTCCTTCCAC
U6 Forward CTCGCTTCGGCAGCACA

Reverse AACGCTTCAGGAATTTGCGT
GAPDH Forward CCGGGAAACTGTGGCGTGATGG

Reverse AGGTGGAGGAGTGGGTGTCGCTGTT
miR-148b UCAGUGCAUCACAGAACUUUGU
HOTAIR, HOX transcript antisense intergenic RNA; PCDH10, protocadherin 10; 
DNMT1, DNA-methyltransferase 1; EZH2, enhancer of zeste 2; SUZ12, suppres-
sor of zeste 12; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; miR-148b, 
microRNA-148b
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Plasmid #47388) using TOPO cloning (Invitrogen) according 
to the manufacturer’s protocol. The HOTAIR-expressing vector 
was sequenced and analyzed using Macrogen (Macrogeninc., 
Seoul, Korea). AGS cell was transfected with 1 ug pcDNA3.1-
HOTAIR (pcDNA-HOTAIR) for 24 h using Lipofectamine 2000 
(Invitrogen). 

Cell proliferation analysis
MKN 28 and MKN 74 cells were transfected with 50 nM of si-
HOTAIRs, and AGS cell was transfected with pcDNA-HOTAIR 
from 0 to 72 h. MTS assays (Promega, Madison, WI, USA) were 
used to measure cell proliferation in 96-well plates. The num-
ber of viable cells was determined by reaction with MTS re-
agent for 1 h in the dark, and the products of the reaction were 
measured by enzyme-linked immunosorbent assay (ELISA). 
Luminescence activity was measured using a Luminescence 
Microplate Reader (Molecular Devices Co., Sunnyvale, CA, 
USA).

Apoptosis analysis
MKN 28 and MKN 74 cells were transfected with si-HOTAIRs 
or si-Control (siCT), and washed with 1X phosphate buffered 
saline (PBS; Thermo Scientific). After 48 h, the cells were pel-
leted and washed with PBS. After washing with 1X binding 
buffer (BD Bioscience, San Jose, CA, USA), the cells were stained 
with fluorescein isothiocyanate (FITC)-Annexin V and PI, us-
ing a FITC-Annexin V kit (BD Bioscience). The apoptotic ratio 
was measured using flow cytometry (BD Bioscience), and cas-
pase 3/7 protein levels were calculated by ELISA after treat-
ment with si-HOTAIRs.

Cell cycle analysis 
MKN 28 and MKN 74 cells were transfected with 100 nM of si-
HOTAIRs or siCT, washed with PBS, and then fixed with 75% 
ethanol overnight at -20°C. Cells were resuspended in PBS and 
treated with RNase for 30 min at room temperature. The cell 
nucleus was stained with propidium iodide (Sigma, Saint Lou-
is, MO, USA), and incubated for 20 min in the dark. The pro-
portion of cells within cell cycle phases were determined by 
flow cytometry (BD Biosciences), and analyzed with FlowJO7.6 
program (Treestar, Ashland, OR, USA).

Invasion assay and migration assay
To perform invasion assay, the matrigel invasion assay was 
performed using BD biocoat trans-wells (BD Biosciences). 
MKN 28 and MKN 74 cells were transfected with si-HOTAIRs 
or si-CT. After 48 h, the transfected cells were re-plated in the 
upper chamber containing RPMI-1640 medium. The lower 
chamber was filled with RPMI-1640 medium containing 10% 
FBS. After 48 h, non-invading cells within the insert chamber 
were removed, and the upper layer of the trans-well was wiped 
with a cotton swab. The membrane of the bottom part of the 
upper chamber was fixed and stained with Diff-Quik solution 

(Dade Behring Inc., Newark, DE, USA). Invading cells were vi-
sualized using a virtual microscope (BX51; Olympus, Tokyo, 
Japan) in five random fields, counted, and averaged. 

For migration analysis, GC cells were transfected with si-
HOTAIRs and si-CT. The cells were grown for 48 h, and a wound 
was then generated using a P-20 tip. The width of scratched 
cells was measured at 0 and 48 h under a virtual microscope 
(BX51). 

Western blot
The cells were lysed in 1_ RIPA buffer (Cell Signaling Technol-
ogy, Danvers, MA, USA) containing protease inhibitor. Extract-
ed proteins were separated by 8% to 10% SDS–polyacrylamide 
gel electrophoresis and transferred to a polyvinylidene diflu-
oride membrane (GE Healthcare, Piscataway, NJ, USA). The 
membrane was blocked for 1 h at room temperature in tris–
phosphate buffer containing 0.1% tween 20 with 5% skim-
milk (BD Biosciences), and subsequently incubated at room 
temperature for 1–2 h with primary antibodies. The following 
primary antibodies were used for Western blot analysis: 

PARP (Cell Signaling Technology, #9542), bcl-2 (Cell Sig-
naling Technology, #2870), bcl-xl (Cell Signaling Technology, 
#2764), p53 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, 
sc-126), cleaved caspase-9 (Cell Signaling Technology; 9504), 
SUZ12 (Abcam, Cambridge, MA, USA, ab12073), PCDH10 
(Thermo Scientific, Cell Signaling Technology, #7237, PA5-
31042), Vimentin (1:2000, Santa Cruz Biotechnology, sc-
373717), Snail (1:1000, Cell Signaling Technology, 3879s), Slug 
(1:1000, Santa Cruz Biotechnology, sc-166476), Src (1:1000, San-
ta Cruz Biotechnology, sc-8056), β-actin (Bioworld Technolo-
gy, Louis Park, MN, USA, AP0060), EZH2 (Abcam, ab186006), 
and DNMT1 (Abcam, ab13537). 

Methylation-specific PCR
Genomic DNA was extracted from MKN 28 and MKN 74 cells 
using a DNeasy Blood & Tissue kit (Qiagen, Valencia, CA, USA). 
An EZ DNA methylation-gold kit (ZymoResearch, Irvine, CA, 
USA) was used for DNA bisulfate transformation. The follow-
ing methylation-specific PCR (MS-PCR) primers for PCDH10 
were used as described: methylation (forward: GTTAGGGAG 
GATGGATGTAAGTATC, reverse: GCG AAATAAAAACAATA 
AAACGAC), and un-methylation (forward: GTTAGGGAGGA 
TGGATGTAAGTATT, reverse: CCCACA AAATAA AAACAATAA 
AA AA).

RNA immunoprecipitation 
For immunoprecipitation of endogenous RNA-protein com-
plexes, cells were lysed with IP buffer (Thermo Fisher Scientif-
ic, Waltham, MD, USA), and resuspended in RNA immuno-
precipitation (RIP) buffer (Abcam) with RNase inhibitor 
(GenDEPOT) and protease inhibitor (GenDEPOT, Barker, TX, 
USA). For shearing of chromatin, we used 20 cycles of shearing 
under cooling conditions, with 15 s on and 30 s off for each cy-
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cle (170–190 W) and water bath sonication. After sonication, 
the antibodies were added to the supernatant obtained by cen-
trifugation, and then incubated overnight at 4°C with a rotator. 
After incubation, 20 μL of MagnaChip protein magnetic beads 
(Millipore, Darmstadt, Germany) were added, and samples 
were reacted on a rotator at 4°C for 1 h. After washing twice 
with RIP buffer, samples were dissolved with TRIzol reagent 
or RIPA.

Luciferase reporter assay
For the luciferase reporter assay, GC cells were co-transfected 

with miRNAs (miR-148b mimics or miR-148b inhibitors; Biomics 
Biotechnologies Co., Ltd., Nantong, China) and reporter vec-
tors (pmirGLOWT or pmirGLOMUT) using Lipofectamine 
2000. Luciferase activity was assayed 48 h after transfection us-
ing a DualLuciferase Reporter Assay system (Beyotime Institute 
of Biotechnology, Haimen, China). The values were normalized 
to those obtained for miRNA negative control transfection. All 
transfection experiments were performed in triplicate.

Statistical analysis
All of the analyzed data for continuous and categorical vari-

Fig. 1. HOTAIR was overexpressed in GC cell lines and tissues, and knockdown of HOTAIR repressed GC cell proliferation. (A) The relative expression of 
HOTAIR by qRT-PCR in five GC cell lines. (B) The relative expression of HOTAIR by qRT-PCR in 49 GC tissues and paired non-tumor tissues. (C) The relative 
expression of HOTAIR in GC tissues and adjacent gastric tissues by TCGA data. (D) MKN 28 and MKN 74 cells were transfected with siHOTAIR1, si-
HOTIAR2, and/or scrambled RNA; and AGS cell was transfected with pcDNA and pcDNA-HOTAIR. The relative HOTAIR expression by qRT-PCR assay is 
shown. (E) Cell viability was detected by MTS assay. Data are presented as the mean±standard deviation of three independent experiments. The asterisk 
(*) represents a statistically significant difference compared with scrambled control. *p≤0.05, **p≤0.01. HOTAIR, HOX transcript antisense intergenic 
RNA; GC, gastric cancer; TCGA, The Cancer Genome Atlas.
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ables are presented as the mean±standard error and the num-
ber of lesions with the percentage. Statistical tests used to com-
pare the measured results included the t-test, chi-square test, 
and Fisher’s exact test. The expressions of HOTAIR in GC were 
categorized into low and high groups based on the median 
value of HOTAIR expression in GC tissue. A p-value<0.05 indi-
cated a statistically significant difference for comparisons be-
tween groups. All of the statistical procedures were conducted 
using the statistical software SPSS for Windows (version 18.0; 
SPSS Inc., Chicago, IL, USA).

RESULTS

HOTAIR expression in GC cell lines and GC tissues 
The relative RNA level of HOTAIR was higher in MKN 74, MKN 
28, MKN 45, and KATO III cells compared to normal gastric 
cell line GES-1 (p<0.01); however, the level of HOTAIR in AGS 
cell was lower than that in GES-1 (p<0.05) (Fig. 1A). The expres-
sion of HOTAIR in GC tissues were significantly higher than 

that in non-tumor tissue (p<0.05) (Fig. 1B). The Cancer Genome 
Atlas data showed similar result (Fig. 1C). After transfection 
with si-HOTAIR, HOTAIR was significantly downregulated in 
MKN 28 and MKN 74 cells (Fig. 1D, left panel). In AGS cell, 
which showed low expression of HOTAIR compared to other 
cancer cell lines, HOTAIR was overexpressed by transfection 
with pc-DNA-HOTAIR (Fig. 1D, right panel).

The effect of HOTAIR on proliferation and apoptosis 
of GC cells
We have already demonstrated that HOTAIR inhibits GC pro-
liferation and apoptosis in the previous study14; however, in or-
der to identify the reproducibility in a new experimental en-
vironment, we examined MTS assay. From 48 hr after treatment 
with si-HOTAIR1 and si-HOTAIR2, the proliferation of MKN 28 
and MKN 74 were significantly reduced, respectively, com-
pared to the si-CT (Fig. 1E). In the contrary, overexpression of 
HOTAIR upregulated the proliferation in AGS cell (Fig. 1E). 

Next, we analyzed the effect of HOTAIR on apoptosis of MKN 
28 and MKN 74 cells using PI/Annexin-V. Si-HOTAIRs were sig-

Fig. 2. Knockdown of HOTAIR induced cell apoptosis and inhibited invasiveness and migratory capacity. (A) PI/annexin-V staining on flow cytometry was 
performed in transfected MKN 28 and MKN 74 cells (A; left panel), and the apoptotic ratio was measured by flow cytometry (A; right panel). (B) Western 
blot analysis of apoptotic markers after treatment with si-HOTAIRs. (C) Caspase Glo 3 and 7 assays after treatment with si-HOTAIRs. (D) Cell cycle distri-
butions was analyzed by flow cytometry in GC. (E) Matrigel invasion assay after transfection with si-HOTAIRs. (F) Wound healing assay after transfection 
with si-HOTAIRs. The width of the scratch wound was observed by microscopy at 0 and 48 h. (G) Western blot analysis of epithelial-mesenchymal transi-
tion markers after treatment with si-HOTAIRs. The asterisk (*) represents a statistically significant difference compared with scrambled control. *p≤0.05, 
**p≤0.01. Data are presented as the mean±standard deviation of three independent experiments. HOTAIR, HOX transcript antisense intergenic RNA; GC, 
gastric cancer.
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nificantly increased in the early-to-late apoptotic ratio com-
pared to the control in both cell lines (Fig. 2A). Protein levels of 
two anti-apoptotic markers, such as Bcl-2 and Bcl-xL, were de-
creased by si-HOTAIRs, while an induction of apoptotic factors 
such as p53, Bax, cleaved caspase-9 and cleaved PARP were 
increased compared to the control cells (Fig. 2B). Si-HOTAIRs 
significantly increased the caspase 3/7 activity in MKN 28 and 
74 cells (Fig. 2C). Flow cytometry analysis revealed a signifi-
cant increase in the proportion of cells in the sub-G1 phase in 
si-HOTAIRs compared to siCT (Fig. 2D). Si-HOTAIRs subse-
quently reduced the proportion of cells in S and G2 compared 
to siCT (Fig. 2D). These data suggested that HOTAIR consis-
tently inhibits apoptosis in GC cells. 

The impact of HOTAIR on invasion and migration
of GC cells
We have already shown that HOTAIR promotes the invasion 
and migration of GC cells14; however, in order to identify the re-
producibility in a new experimental environment, we mea-
sured the migration and invasion of GC cells. We found that 
the knockdown of HOTAIR markedly inhibited cell invasive 
ability (Fig. 2E). Next, the effects of HOTAIR silencing on mi-
gratory capacity was confirmed by scratch wound healing as-
say. Compared to si-CT, wound closure was repressed by si-
HOTAIRs (Fig. 2F). We measured the epithelial mesenchymal 
transition related proteins after the treatment of si-HOTAIR. 
When compared with siCT, si-HOTAIR down regulated Vi-
mentin, Src, Slug, and Snail (Fig. 2G). This result showed that 
knockdown of HOTAIR suppressed GC cell migration. 

The relation between HOTAIR expression and 
clinicopathologic characteristics of GC
Clinicopathologic features of GC were analyzed according to 
the median level of HOTAIR in GC tissues (Table 2). Diffuse 
and mixed type cancers by Lauren classification were more 
prevalent in the high HOTAIR group (high vs. low; diffuse and 
mixed type, 64.7% vs. 37.5%, p=0.04). Moreover, tumors in the 
high HOTAIR group showed a more advanced Tumor-Node-
Metastasis (TNM) stage than those in the low HOTAIR group 
(high vs. low; stage II, III, 82.4% vs. 56.3%, p=0.04). The depth 
of tumor invasion showed more advanced T stage in the high 
HOTAIR group. Age, sex, proportion of H. pylori infection, car-
cinoembryonic antigen level, and histologic differentiation 
were not related to HOTAIR expression. In addition, lympho-
vascular invasion and lymph node metastasis were not statis-
tically different according to the HOTAIR level.

The effect of HOTAIR on tumor suppressor gene, 
PCDH10, in GC 
We noticed that HOTAIR knockdown reduced PCDH10 in 
breast cancer cell in microarray7; therefore, we need to vali-
date PCDH10 as a new target of HOTAIR in GC. We performed 
qRT-PCR to analyze the mRNA level of PCDH10 in 49 GC tis-

sues, and the mRNA of PCDH10 was significantly higher in ad-
jacent non-tumor tissue compared to GC tissues (p<0.05) (Fig. 
3A). We evaluated the protein level of PCDH10 by Western blot 
in four GC tissues. The expression of PCDH10 was downregu-
lated in GC tissue; and oppositely, the expression of HOTAIR 
was upregulated in GC tissue (Fig. 3B). 

We investigated the PCDH10 level in GC cells after knock-
down of HOTAIR. Both si-HOTAIR1 and 2 significantly upreg-
ulated the mRNA of PCDH10 (Fig. 3C) and protein (Fig. 3D, up-
per panel) in MKN 28 and MKN 74. In MS-PCR, si-HOTAIR1 
and 2 significantly reduced the methylation of PCDH10 com-
pared to the control in in MKN 28 and MKN 74 (Fig. 3D, lower 
panel). To investigate the related pathway of HOTAIR to con-
trol methylation of PCDH10, we performed RIP to identify the 
interaction between DNMT1, EZH2, SUZ12, and HOTAIR. HO-
TAIR significantly interacted with DNMT1 and EZH2, but not 
with SUZ12 (Fig. 3E). DNMT1 and EZH2 were downregulated 
by si-HOTAIRs in MKN 28 and MKN 74 cells, while overexpres-
sion of HOTAIR induced upregulation of DNMT1 and EZH2 in 
AGS cell (Fig. 3F). 

Since PCDH10 is known as a transcriptional target of p53,15 
we investigated the expression of PCDH10 and p53 after over-
expression of HOTAIR. The overexpression of HOTAIR signifi-
cantly reduced the translation and transcription of p53 in nor-

Table 2. Clinicopathological Analysis according to Median Level of HO-
TAIR in Gastric Cancer

High HOTAIR
(n=17)

Low HOTAIR
(n=32)

p value

Age 62.1±13.5 62.1±11.5 0.99
Sex, male (%) 12 (70.6) 20 (62.5) 0.75
H. pylori 8/17 16/32 0.30
CEA 3.2±3.2 2.5±2.5 0.50
PCDH10 0.0014±0.0016 0.01±0.012 <0.01
Lauren’s classification 0.04

Intestinal 6 (35.3) 20 (62.5)
Diffuse, mixed 11 (64.7) 12 (37.5)

Differentiation 0.54
WD, MD 6 (35.3) 15 (46.9)
PD, signet ring cell 11 (64.7) 17 (53.1)

Lymphovascular invasion 12 (70.6) 21 (65.6) 0.49
Depth of tumor invasion 0.03

T1/T2 4 (23.5) 18 (56.3)
T3/T4 13 (76.5) 14 (43.8)

Lymph node metastasis 13 (76.5) 20 (62.5) 0.36
TNM stage 0.04

I 3 (17.6) 14 (43.8)
II, III 14 (82.4) 18 (56.3)

H. pylori, Helicobacter pylori; CEA, carcinoembryonic antigen; WD, well-differ-
entiated; MD, moderately differentiated; PD, poorly differentiated. HOTAIR, HOX 
transcript antisense intergenic RNA; PCDH10, protocadherin 10; TNM, Tumor-
Node-Metastasis.
Data are presented as mean±SD. 
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mal gastric cell line GES-1 (Fig. 3G and H). This result suggested 
that p53 reduction by HOTAIR may be a major cause of PCDH10 
transcription reduction. Next, we conducted an experiment to 
compare the effects of p53 and HOTAIR on PCDH10 transcrip-

tion. In AGS cell, p53 significantly increased PCDH10 transcrip-
tion; however, co-infection of HOTAIR, which is expected to in-
duce the promoter methylation of PCDH10 and reduce PCDH10 
transcription, reduced only a part of PCDH10 transcription by 

Fig. 3. HOTAIR promoted the methylation of PCDH10 by regulating EZH2 and DNMT1. (A) The relative expression of PCDH10 by qRT-PCR in GC tissues and 
paired adjacent gastric tissues. (B) Western blot analysis of PCDH10 and RT-PCR analysis of HOTIAR in four GC tissues and paired adjacent gastric tis-
sues. (C) The relative expression of PCDH10 by qRT-PCR after transfection with si-HOTAIRs in MKN 28 and MKN 74 cells. (D) Western blot analysis of 
PCDH10 after treatment with si-HOTAIRs (upper panel), and MS-PCR analysis of PCDH10 after treatment with si-HOTAIRs. (E) The interaction between 
DNMT1, EZH2, and HOTAIR was confirmed by RIP analysis. The bars present relative enrichment. (F) Western blot analysis of DNMT1 and EZH2 after 
treatment with si-HOTAIRs in MKN 28 and MKN 74 cell lines and pcDNA-HOTAIR in AGS cell line. (G) The relative expression of p53 after transfection 
with pcDNA-HOTAIR in GES-1 cell by qRT-PCR. (H) Western blot analysis of p53 after transfection with pcDNA-HOTAIR in GES-1 cell. (I) The relative ex-
pression of PCDH10 after transfection with pcDNA-p53 and pcDNA-HOTAIR in AGS cell by qRT-PCR. Data are presented as the mean±standard devia-
tion of three independent experiments. The asterisk (*) represents a statistically significant difference compared with scrambled control. *p≤0.05, 
**p≤0.01. HOTAIR, HOX transcript antisense intergenic RNA; PCDH10, protocadherin 10; GC, gastric cancer; MS-PCR, methylation-specific PCR; RIP, 
RNA immunoprecipitation.
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p53 (Fig. 3I). This result disproved the fact that although HO-
TAIR is involved in the transcription of PCDH10, the effect of 
p53 is greater than HOTAIR.

HOTAIR regulates methylation of PCDH10 as a ceRNA
by sponging miR-148b 
In a previous study, several potential miRNA targets of HOTAIR 
were identified in GC by computer-aided algorithm.19-22 In this 
study, we further explored the underlying mechanism of HO-
TAIR as ceRNA, and we examined miR-148b as target of HO-
TAIR, as it was down-regulated in GC in previous study.20

The expression level of miR-148b was significantly lower in 
four GC cells, including MKN 28 and MKN 74, compared to 
GES-1 cell (Fig. 4A). In RIP, miR-148b interacted with HOTAIR 
in both MKN 28 and MKN 74 cells (Fig. 4B). Both si-HOTAIR1 
and 2 increased the miR-148b expression (Fig. 4C), and the 
treatment of miR-148b mimic reduced the HOTAIR expres-
sion (Fig. 4D), indicating an inverse correlation between HO-
TAIR and miR-148b in GC cells.

To verify whether miR-148b regulates HOTAIR as a direct 
target, a predicted binding site for miR-148b was identified us-
ing an online software program,23 and wild-type or mutant miR-
148b target binding sequences were cloned into the pmirGLO 
luciferase vector. Following co-transfection with pmirGLO lu-
ciferase construct (pmirGLO-mutant or pmirGLO-wild-type) 
and miR-148b mimic or inhibitor, a dualluciferase assay was 
performed to determine the luciferase activity.

Our data showed that MKN 28 cell co-transfected with the 
constructs containing pmirGLO-Mut and miR‑148b mimic had 
significantly higher luciferase activity compared to those trans-
fected with pmirGLO-WT and miR-148b mimic (p<0.05) (Fig. 
4E). In MKN 74 cell, the result was similar with MKN 28. In ad-
dition, the relative luciferase activity was significantly lower in 
MKN 28 and MKN 74 cells co-transfected with the constructs 
containing pmirGLO-Mut and inhibitor of miR‑148b com-
pared to those transfected with pmirGLO-WT and inhibitor of 
miR-148b (p<0.01) (Fig. 4E). 

In Western blot analysis, treatment with si-HOTAIRs and 
miR-148b mimic reduced DNMT1 expression and increased 
PCDH10 expression compared to the control in MKN 28 and 
MKN 74 cells (Fig. 4F). HOTAIR overexpression increased 
DNMT1 expression and reduced PCDH10 expression in AGS 
cell; however, treatment with miR-148b mimic showed the op-
posite result (Fig. 4F). Finally, we found that DNMT1 was down-
regulated after si-HOTAIRs, and it was restored after treatment 
with miR-148b inhibitor in MKN 28 and MKN 74 cells (Fig. 4G).

DISCUSSION

HOTAIR has been widely studied in various cancers,7-9,11,13,14,24-26 
and several studies found the key roles of HOTAIR in the gas-
tric carcinogenesis.8,14,27 Our results also confirmed that HO-

TAIR was related to the inhibition of apoptosis, proliferation, 
invasiveness, and metastasis in GC cells, which was in line with 
our previous study.14 Moreover, clinicopathologic analysis in 
GC tissues indicated that high HOTAIR was associated with 
more advanced TNM stage, which was consistent with previ-
ous studies.8,10,11,14,28

PCDH10 was transcriptionally repressed upon HOTAIR ex-
pression in breast cancer and GIST.7,18 PCDH10 is a potential 
tumor suppressor gene, and inactivation of PCDH10 by pro-
moter methylation has been studied in various human can-
cers, including GC.15-17 Consistent with previous results, the 
mRNA level of PCDH10 in GC tissues was significantly lower 
than that in non-tumor tissues in our study. 

In this study, we investigated the epigenetic mechanism of 
HOTAIR in GC, and found that HOTAIR promoted the meth-
ylation of PCDH10 by upregulating DNMT1. DNA methylation 
is mediated by DNMTs, including DNMT1, DNMT3a and DN-
MT3b, which catalyze the methylation at cytosine-C5 mainly 
in a CpG dinucleotide context.29 DNMT1 is most widely known 
to be responsible for the maintenance of DNA methylation.29 
Overexpression of DNMT1 has been shown in several can-
cers, and targeting DNMT1 could be a potential target in the 
treatment of cancers.29 In a previous study, we reported that 
lncRNA LUCAT1, which modulates the stability of DNMT1, re-
sults in the DNA methylation of tumor suppressor genes.30 DNA 
methylation in the promoter regions of tumor suppressor genes, 
which plays an important role in the initiation and progression 
of tumor, is the most well-defined epigenetic mechanism in 
GC.31-33 Additionally, aberrant methylation of tumor suppres-
sor genes have been associated with clinicopathological char-
acteristics and clinical outcomes in GC,33 and the promoter 
methylation appears to be a relatively early event during gas-
tric carcinogenesis.17 Therefore, our findings may provide a bet-
ter understanding of early carcinogenesis of GC.

Furthermore, we found that miR-148b could be involved in 
the reciprocal regulation process of PCDH10 methylation with 
HOTAIR. To date, researchers have found the role of lncRNAs 
and miRNAs in gene regulation, and bioinformatic analysis re-
vealed the interaction between lncRNAs and miRNAs in vari-
ous cancers.19,21,24,25,34,35 The role of miR-148a was widely stud-
ied by previous researchers, and Song, et al. reported that miR-
148b is frequently downregulated in GC and acts as a tumor 
suppressor.20,22 The expression of miR-148b was found to be as-
sociated with tumor size in GC patients, and the data also sug-
gested that miR-148b can inhibit cell proliferation in vitro and 
in vivo.20

In the current study, we found an inverse correlation be-
tween HOTAIR and miR-148b by qRT-PCR, and luciferase re-
porter assay indicated that miR-148b suppresses HOTAIR by 
binding to HOTAIR in a sequence‑specific manner. In Western 
blot analysis, the expressions of DNMT1 and PCDH10 were 
regulated by HOTAIR and miR-148b subsequently. These re-
sults were similar with the previous findings that HOTAIR may 
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Fig. 4. Reciprocal negative regulation of miR-148b and HOTAIR on PCDH10 expression. (A) The relative miR-148b expression by qRT-PCR in five GC cell 
lines. (B) RIP with anti-Ago2 was performed in MKN 28 and MKN 74 cells transfected with HOTAIR and miR-148b. HOTAIR and miR-148b expression level 
were detected using qRT-PCR. (C) The relative miR-148b level after transfection with si-HOTAIRs by qRT-PCR. (D) The relative HOTAIR level after transfec-
tion with miR-148 mimic by qRT-PCR. (E) The relative luciferase activity of HOTAIR after treatment with miR-148b mimic/inhibitor in MKN 28 and 74 cells 
transfected with wild type/mutant type HOTAIR. (F) Western blot analysis of DNMT1 and PCDH10 after treatment with si-HOTAIRs and miR-148b mimic. (G) 
Western blot analysis of DNMT1 after treatment with si-HOTAIRs and miR-148b inhibitor. Data are presented as the mean±standard deviation of three in-
dependent experiments. The asterisk (*) represents a statistically significant difference compared with scrambled control. *p≤0.05, **p≤0.01. HOTAIR, HOX 
transcript antisense intergenic RNA; PCDH10, protocadherin 10; GC, gastric cancer; RIP, RNA immunoprecipitation.
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act as an endogenous sponge of miR-148b, which regulates the 
expression of DNMT1 in hepatic stellate cells and fibrogenesis 
in liver.25 Therefore, our results demonstrated the interaction 
between miRNA and lncRNA in the methylation of well-known 
tumor suppressor gene.

Finally, as seen in our and other researchers’ studies,15,18 p53 
was important for the transcription of PCDH10, and HOTAIR 
also reduced the expression of p53 in our study. Since our re-
sults showed that the effects of HOTAIR on PCDH10 may be 
less than that of p53, further studies on how HOTAIR regulates 
p53 and how p53 regulates PCDH10 are needed to investigate 
the exact role of PCDH10 in GC. 

Our study had some limitations. Firstly, we could not include 
in vivo model to complement our results. Although we collect-
ed GC and non-cancer tissues from 49 patients with GC as a 
means of representative in vivo findings to overcome this limi-
tation, caution is needed in the interpretation of our study re-
sults. Secondly, quite a few papers have already reported simi-
lar HOTAIR action in cancer as demonstrated in this study. 
Although it might be unique and clear that PCDH10 was the 
downstream target of HOTAIR in our results, we did not in-
vestigate other pathways such as Wnt/beta-catenin signaling 
pathway.

Taken together, we found a novel epigenetic mechanism of 
HOTAIR, which was involved in the methylation of PCDH10 
by interacting with miR-148b in GC. HOTAIR enhanced the 
methylation of PCDH10 by upregulating DNMT1 and acted as 
a ceRNA of miR-148b, which regulated DNMT1 reciprocally. 
This mechanism may be a potential biomarker and therapeutic 
target against GC, although it should be further investigated.
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