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Abstract

Long noncoding RNAs (lncRNA) have been implicated in

human cancer but their mechanisms of action are mainly undoc-

umented. In this study, we investigated lncRNA alterations that

contribute to gastric cancer through an analysis of The Cancer

Genome Atlas RNA sequencing data and other publicly available

microarray data. Here we report the gastric cancer–associated

lncRNA HOXA11-AS as a key regulator of gastric cancer develop-

ment and progression. Patients with highHOXA11-AS expression

had a shorter survival and poorer prognosis. In vitro and in vivo

assays of HOXA11-AS alterations revealed a complex integrated

phenotype affecting cell growth, migration, invasion, and apo-

ptosis. Strikingly, high-throughput sequencing analysis after

HOXA11-AS silencing highlighted alterations in cell proliferation

and cell–cell adhesion pathways. Mechanistically, EZH2 along

with the histone demethylase LSD1 or DNMT1 were recruited by

HOXA11-AS, which functioned as a scaffold. HOXA11-AS also

functioned as a molecular sponge for miR-1297, antagonizing its

ability to repress EZH2 protein translation. In addition, we found

that E2F1was involved inHOXA11-AS activation in gastric cancer

cells. Taken together, our findings support a model in which the

EZH2/HOXA11-AS/LSD1 complex and HOXA11-AS/miR-1297/

EZH2 cross-talk serve as critical effectors in gastric cancer tumor-

igenesis and progression, suggesting new therapeutic directions in

gastric cancer. Cancer Res; 76(21); 6299–310. �2016 AACR.

Introduction

Gastric cancer is one of the leading causes of cancer-related

death worldwide and the most common gastrointestinal malig-

nancy in East Asia (1, 2). Despite improvements in surgical

techniques and targeted drug chemotherapy, the 5-year overall

survival rate remains unsatisfactory owing to diagnosis of most

patients at an advanced stage accompanied by lymphatic metas-

tasis that limits successful therapeutic strategies (3). Furthermore,

the molecular mechanisms underlying gastric cancer progression

and tumor metastasis remain poorly understood. Therefore,

better understanding of tumorigenesis and progression is essen-

tial for the development of diagnostic markers and novel effective

therapies for gastric cancer patients.

Noncoding RNAs have recently emerged as critical regulators of

gene expression (4). LongnoncodingRNAs (lncRNA) are a class of

ncRNAs longer than 200 nucleotides and lack of protein-coding

ability. LncRNAs play essential roles in normal development and

human diseases. LncRNAs participate in several biological pro-

cesses, such as embryonic stem cell (5), Th-cell differentiation (6),

autophagy and myocardial infarction (7), cell senescence (8),

cancer cell apoptosis and metastasis (9), and chemotherapy drug

resistance (10). Several studies have shown that lncRNA expres-

sion is tissue specific and frequently dysregulated in various types

of cancers and some lncRNAs are correlatedwith cancer recurrence

andpoor prognosis (11). These lncRNAs involve in tumorigenesis

and cancer metastasis through silencing tumor suppressors or

activation of oncogenes via different mechanisms including epi-

genetic modification, alternative splicing, RNA decay, and post-

translational modification regulation (12). Thus, lncRNAs have

been highlighted as new players in tumorigenesis by functioning

as tumor suppressors, oncogenes or both, depending on the

circumstances.

Several lncRNAs have been well characterized in gastric cancer

to date, particularly HOTAIR, ANRIL, H19, GAPLINC, PVT1, and

LINC00152 (13). GAPLINC is highly expressed in gastric cancer

and promotes cell proliferation and migration via regulating
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CD44 expression as a molecular decoy for miR211-3p (14).

Overexpression of H19 promotes gastric cancer cell proliferation

and invasion via actively binding to ISM1 (15). We previously

found that HOTAIR promotes cell proliferation by completely

sponging miR331-3p (16), whereas ANRIL promotes cell growth

via epigenetically suppressingmiR99a/449a in gastric cancer (17).

GAS5 and MEG3 function as tumor suppressors in gastric cancer

(18, 19). However, investigation of further gastric cancer–asso-

ciated lncRNAs is warranted.

We speculated that there is still a large number of previously

unexplored lncRNA alterations in gastric cancer, especially in the

expression patterns of gastric cancer–specific lncRNAs. To conduct

a comprehensive characterization of aberrantly expressed

lncRNAs in gastric cancer, we analyzed The Cancer Genome Atlas

(TCGA) stomach cancer and normal tissue RNA sequencing data

(33 normal and 222 cancer samples) and four independent

microarray datasets from Gene Expression Omnibus (GEO; 71

pairs of cancer and normal tissue samples). In addition to iden-

tifying several gastric cancer–associated lncRNAs, we discovered a

gastric cancer–specific upregulated lncRNA termed HOXA11-AS,

which only displayed remarkable increasing expression levels

from normal gastric to carcinoma tissues. Its functional associa-

tion and underlying molecular mechanism and the effector

involved in its overexpression was determined.

Materials and Methods

RNA sequencing and microarray data analysis

Gastric cancer and other cancer gene expression data were

downloaded from the TCGA and GEO dataset. The independent

datasets from GSE50710 (14), GSE58828, GSE65801 (20),

GSE51575 (21), GSE29431, GSE54002 (22), GSE20842 (23),

GSE21510 (24), GSE56140 (25), GSE57957 (26), GSE53624

(27), GSE18842 (28), GSE19188 (29), GSE19804 (30),

GSE21933 (31), GSE30219 (32), GSE31210 (33), GSE32863

(34), and GSE43458 (35) were analyzed in this study. The BAM

files and normalized probe-level intensity files were downloaded

from TCGA and GEO databases, respectively. The probe

sequences were downloaded from GEO or microarray manufac-

turers, and bowtie was used to reannotate probes according to

GENCODE Release 19 annotation for lncRNAs. For multiple

probes corresponding to one gene, the probe with the maximum

signal was selected to generate expression of lncRNAs.

Study subjects

We obtained 85 paired gastric cancer and adjacent nontumor

tissues from patients who underwent surgery at Jiangsu Province

Hospital between 2010 and 2011 and who were diagnosed with

gastric cancer based on histopathologic evaluation. No local or

systemic treatment was conducted in these patients before sur-

gery. All collected tissue samples were immediately snap frozen in

liquid nitrogen and stored at �80�C until required. The clinical

characteristics of all patients are listed in Supplementary Table S1.

This study was approved by the Nanjing Medical University.

50 and 30 rapid amplification of cDNA ends analysis

Total RNA was isolated with TRIzol reagent (Invitrogen)

according to themanufacturer's instructions. Rapid amplification

of cDNA ends (RACE) experiments were performed using the

SMARTer RACE 50/30 Kit (Clontech Laboratories, Inc.), according

to the manufacturer's instructions.

qRT-PCR

qRT-PCR was used to detect expression levels of HOXA11-AS

and other genes in gastric cancer tissues and cells, following the

manufacturer's instructions (TAKARA). GAPDH was used as the

control. Primers are listed in Supplementary Table S1.

Plasmid construction and cell transfection

The full-length complementary cDNA of human HOXA11-AS

was synthesized by Invitrogen and cloned into the expression

vector pCDNA3.1 (Clontech Laboratories, Inc.). The small hair-

pin RNA (shRNA) of theHOXA11-ASwas provided by Invitrogen.

The final construct was verified by sequencing. Plasmid vectors for

transfection were prepared using DNA Midiprep Kits (Qiagen),

and transfected into gastric cancer cells using Lipofectamine 2000

(Invitrogen). The siRNAs were transfected into gastric cancer cells

using Lipofectamine 2000 (Invitrogen) according to the manu-

facturer's instructions. All siRNAand shRNA sequenceswere listed

in Supplementary Table S1.

Luciferase reporter assays

The E2F1-bindingmotif in the promoter region ofHOXA11-AS

was identified by JASPAR (http://jaspar.genereg.net/). The differ-

ent fragment sequences were synthesized and then inserted into

the pGL3-basic vector (Promega). All vectors were verified by

sequencing and luciferase activities were assessed using the Dual

Luciferase Assay Kit (Promega), according to the manufacturer's

instructions.

Cell proliferation and apoptosis assays

Cell proliferation ability was examined using a Cell Prolif-

eration Reagent Kit I (MTT; Roche Applied Science). Colony

formation assays were performed to monitor gastric cancer

cells' cloning capability. Gastric cancer cells transfected with

si-HOXA11-AS or si-NC were harvested 48 hours after trans-

fection by trypsinization. After double staining with FITC-

Annexin V and propidium iodide (PI), the cells were analyzed

with a flow cytometer (FACScan; BD Biosciences) equipped

with a CellQuest software (BD Biosciences).

In vivo tumor growth assays

Four-week-old female athymic BALB/c nude mice were

maintained under specific pathogen-free conditions and

manipulated according to protocols approved by the Shanghai

Medical Experimental Animal Care Commission. sh-HOXA11-

AS, HOXA11-AS overexpression vector, or empty vector stably

transfected BGC823 or AGS cells were harvested. For tumor

formation assay, 107 cells were subcutaneously injected into a

single side of each mouse. Tumor growth was examined every

3 days, and tumor volumes were calculated using the equation

V ¼ 0.5 � D � d2 (V, volume; D, longitudinal diameter; d,

latitudinal diameter). This study was carried out in strict

accordance with the recommendations in the Guide for the

Care and Use of Laboratory Animals of the NIH (Bethesda,

MD). The protocol was approved by the Committee on the

Ethics of Animal Experiments of the Nanjing Medical

University.

FISH and subcellular fractionation

Gastric cancer cells were fixed in 4% formaldehyde for 15min-

utes and washed with PBS. Fixed cells were treated with pepsin
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(1% in 10mmol/L HCl) and dehydrated through 70%, 90%, and

100% ethanol. The air-dried cells were further incubated with

40 nmol/L FISH probe in hybridization buffer (100mg/mL dex-

tran sulfate, 10% formamide in 2� SSC) at 80�C for 2minutes.

Hybridization was performed at 55�C for 2 hours and the slide

was washed and dehydrated. Finally, the air-dried slide was

mounted with Prolong Gold Antifade Reagent with DAPI for

detection. RNA FISH probes were designed and synthesized by

Bogu Co., Ltd. Separation of nuclear and cytosolic fractions was

performed using the PARIS Kit (Life Technologies) according to

the manufacturer's instructions.

RNA immunoprecipitation

The EZMagna RNA immunoprecipitation (RIP) Kit (Milli-

pore) was used following the manufacturer's protocol. BGC-

823 and SGC-7901 cells were lysed in complete RIP lysis buffer,

and the cell extract was incubated with magnetic beads conju-

gated with specific antibodies or control IgG (Millipore) for

6 hours at 4�C. Beads were washed and incubated with Pro-

teinase K to remove proteins. Finally, purified RNA was

subjected to qRT-PCR analysis. All antibody information is

listed in Supplementary Table S1.

RNA pull-down assays

RNAs (HOXA11-ASF, HOXA11-ASD1, HOXA11-ASD2) were

in vitro transcribed using T7 RNA polymerase (Ambio Life),

purified using the RNeasy Plus Mini Kit (Qiagen), and treated

with RNase-free DNase I (Qiagen). Transcribed RNAs were biotin

labeled with the Biotin RNA Labeling Mix (Ambio Life). Positive,

negative, and biotinylated RNAs were mixed and incubated with

BGC823 cell lysates. Magnetic beads were added to each binding

reaction, followed by incubation at room temperature. Beads

were washed with washing buffer and eluted proteins were

examined by Western blot analysis.

Chromatin immunoprecipitation assays

Chromatin immunoprecipitation (ChIP) experiments were

performed using the MagnaChIP Kit (Millipore) according to the

manufacturer's instructions as described previously (36).

Western blotting, immunocytochemistry, and

immunofluorescence analysis

Western blot, immunocytochemistry, and immunofluores-

cence analyses were performed according to standard protocols

as described previously (37).

Statistical analysis

Differences between groups were assessed by a paired, two-

tailed Student t test. The Mann–Whitney U test was used to

analyze the pathologic feature of HOXA11-AS expression in

gastric cancer. The survival curves are drawn using Kaplan–

Meier survival plot and tested using log-rank tests. The univar-

iate and multivariate Cox proportional hazards modeling

was used to determine the effects of variables on survival.

Correlations between HOXA11-AS and KLF2 or PRSS8 were

analyzed by Spearman rank correlation (P < 0.05). All statistical

analyses were performed using SPSS17 software (Abbott

Laboratories).

Results

The antisense-transcribed lncRNA HOXA11-AS is specifically

upregulated in gastric cancer

To identify the lncRNAs that are involved in gastric tumori-

genesis, we performed an integrative analysis of TCGA stomach

cancer and normal tissue RNA sequencing data and gastric cancer

microarray profile comprisingGSE58828, GES50710, GSE51575,

and GSE65801 from GEO datasets. We identified 137 lncRNAs

misregulated in the TCGA data, 184 in GSE58828/GES50710

datasets, and 118 in GSE51575/GSE65801 datasets (fold change

> 4.0, P < 0.05; Fig. 1A; Supplementary Table S1). However, the

GSE51575 and GSE65801 datasets that used the Agilent-028004

SurePrint G3 Human GE 8 � 60 K Microarray platform only

mapped 2966 lncRNAs, which led to only six lncRNAs consis-

tently upregulated and four downregulated in all datasets

(Fig. 1B). Then, we focused on overexpressed lncRNAs because

these lncRNAs may be more readily used as early diagnosis

markers or therapeutic targets.

To validate these findings, we analyzed the expression levels

of six upregulated lncRNAs in 12 pairs of GC and nontumor

tissues using qPCR. Among the six lncRNAs, HOXA11-AS is the

most upregulated lncRNA (Supplementary Fig. S1A). Interest-

ingly, further analysis of nine other cancers (lung squamous

cell carcinoma, lung adenocarcinoma, kidney chromophobe,

kidney renal clear cell carcinoma, kidney renal papillary cell

carcinoma, liver hepatocellular carcinoma, prostate adenocar-

cinoma, thyroid carcinoma, and uterine corpus endometrioid

carcinoma) using TCGA sequencing data or microarray data-

sets showed that HOXA11-AS is specifically upregulated in

gastric cancer tissues (Fig. 1C; Supplementary Fig. S1B). Sim-

ilar results were also found in an independent cohort of 12

paired esophageal squamous cell carcinoma, colorectal cancer,

hepatocellular carcinoma, and non–small cell lung cancer and

nontumor tissues using qPCR (Supplementary Fig. S1C).

Therefore, we focused on HOXA11-AS and investigated its

expression pattern, clinical significance, and biologic function

in gastric cancer.

In situ hybridization assays showed that HOXA11-AS is

expressed in tumor tissues, but not in adjacent normal tissue

(Fig. 1D). We next analyzed an independent cohort of 85 paired

gastric cancer andnontumor tissues and confirmed thatHOXA11-

AS was highly upregulated (fold change >1.5, P < 0.01) in 80%

(68/85) of cancerous tissues (Fig. 1E). Similar results were found

in gastric cancer cell lines (Supplementary Fig. S3A).

HOXA11-AS expression is correlated with gastric cancer

progression and poor prognosis

To investigate the correlation between HOXA11-AS expression

and gastric cancer patient clinical features, all patients were

divided into high and low HOXA11-AS expression level groups

according to the median value (Supplementary Fig. S1D). Higher

HOXA11-AS expression levels were significantly correlated with

larger tumor size (P ¼ 0.03), poor differentiation (P ¼ 0.03),

advanced pathologic stage (P ¼ 0.003), and lymph node metas-

tasis (P¼ 0.009) in gastric cancer patients, but not associatedwith

other factors including sex and age (Supplementary Table S2).

Kaplan–Meier survival analysis showed that the overall survival

and progression-free survival rates over 3 years for the high

HOXA11-AS group were lower than those in the low HOXA11-

AS group (Fig. 1F).

Oncogenic Function of HOXA11-AS in Gastric Cancer

www.aacrjournals.org Cancer Res; 76(21) November 1, 2016 6301

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

6
/2

1
/6

2
9
9
/2

7
3
9
2
1
8
/6

2
9
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u
s
t 2

0
2
2



Univariate Cox regression analyses identified three prognostic

factors: lymph node metastasis, TNM stage, and HOXA11-AS

expression level. Other clinicopathologic features such as sex and

agewerenot statistically significant prognosis factors.Multivariate

Cox regression analyses showed that TNM stage (P ¼ 0.024) was

an independent prognostic factor for gastric cancer patients (Sup-

plementary Table S2).

E2F1 activated HOXA11-AS transcription in gastric cancer cells

Our previous study and other reports demonstrated that tran-

scription of lncRNAs is regulated by transcription factors such as

p53, SP1, and E2F1. To investigate the potential regulators

involved in HOXA11-AS overexpression, we first scanned for

potential transcription factor–binding sites in the HOXA11-AS

promoter and E2F1- and SP1-binding sites were found (Fig. 2A

and Supplementary Fig. S2A). To assess the correlation between

HOXA11-AS expression and E2F1 target gene signature, we per-

formed the gene-set enrichment analysis (GSEA) of the dataset

GSE15459 using a signature of E2F1-target genes V$E2F1_Q4_01

from the Molecular Signature Database. The positive enrichment

score obtained from the analysis is indicative of a high enrichment

in the expression of E2F1 target gene signature in the tumor subset

with high HOXA11-AS expression. Meanwhile, correlation anal-

ysis revealed that HOXA11-AS has a significantly positive corre-

lation with in the GSE15459 dataset (Fig. 2B). Moreover, E2F1

overexpression promoted HOXA11-AS expression and knock-

down of E2F1 decreased HOXA11-AS expression, whereas upre-

gulation or downregulation of SP1 had no effect on HOXA11-AS

expression (Fig. 2C and Supplementary Fig. S2B and S2C). ChIP

assays showed that E2F1 directly bound to the HOXA11-AS

promoter region (Fig. 2D). In addition, luciferase report assays

indicated that E2F1 binds to the E2 (-1612 bp) binding site, but

not the other two sites (Fig. 2E).

HOXA11-AS promotes gastric cancer cell proliferation,

migration, and invasion and inhibits apoptosis

The biologic function of HOXA11-AS in regulating cancer cell

phenotype remains unclear. Therefore, wenext performed loss-of-

function and gain-of-function studies in gastric cancer cells. First,

50 and 30 RACE analysis were performed to determine the full-

lengthHOXA11-AS (Supplementary Fig. S2D). After detecting the

expression levels of HOXA11-AS in seven gastric cancer cell lines

and normal gastricmucosa GES1 cells, we performed knockdown

of HOXA11-AS in BGC823, SGC7901, and MGC803 cells that

Figure 1.

lncRNA HOXA11-AS is overexpressed in gastric cancer tissues. A, hierarchical clustering analysis of lncRNAs that were differentially expressed (fold change > 2;

P < 0.05) in gastric cancer and normal tissues. B, overlap of misregulated lncRNAs in TCGA data and GEO datasets. C, analyses of HOXA11-AS expression levels in

lung squamous cell carcinoma (LUSC), stomach adenocarcinoma (STAD), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal

papillary cell carcinoma (KIRP), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), prostate adenocarcinoma (PRAD), thyroid carcinoma (THCA),

and uterine corpus endometrioid carcinoma (UCEC) using TCGA sequencing data. D, in situ hybridization was used to detect HOXA11-AS expression in gastric

cancer tissues and adjacent nontumor tissues. E, HOXA11-AS expression was analyzed by qRT-PCR in gastric cancer and adjacent nontumor tissues (n ¼ 85).

F, Kaplan–Meier survival analysis of overall survival and disease-free survival in gastric cancer patients (P < 0.001 for both overall survival and disease-free

survival) based on HOXA11-AS expression. �� , P < 0.01.
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with higher HOXA11-AS expression and upregulated its expres-

sion in AGS cells that with low HOXA11-AS expression (Supple-

mentary Fig. S3B). MTT and colony formation assays showed that

knockdown of HOXA11-AS impaired gastric cancer cell prolifer-

ation, whereas HOXA11-AS overexpression promoted cell prolif-

eration in vitro (Fig. 3A and B and Supplementary Fig. S4C).

As our results showed that HOXA11-AS exerts an oncogenic

effect in gastric cancer cells, we investigated whether HOXA11-AS

was involved in the regulation of cell apoptosis by performing

flow cytometry and TUNEL staining analysis. The results showed

that knockdown of HOXA11-AS significantly induced gastric

cancer cell apoptosis (Fig. 3C and Supplementary Fig. S4D).

Furthermore, Transwell assays were performed to investigate the

role of HOXA11-AS on gastric cancer cell migration and invasion

ability. The results showed that knockdown of HOXA11-AS

dramatically decreased cell migration and invasion, while

HOXA11-AS overexpression promoted cell migration and inva-

sion (Fig. 3D and E and Supplementary Fig. S4E).

HOXA11-AS promotes gastric cancer cell tumorigenesis in vivo

Wenext injectedHOXA11-AS stable knockdown BGC823 cells,

HOXA11-AS overexpressing AGS cells, or control cells into nude

mice to determine whether HOXA11-AS would influence gastric

cancer cells tumorigenesis in vivo. The results showed that tumors

grown from HOXA11-AS stable knockdown cells were smaller

than tumors grown from control cells (Fig. 4A and B). Conversely,

tumors grown fromHOXA11-AS–overexpressing cells were larger

than tumors grown from control cells (Fig. 4C and D). Moreover,

hematoxylin and eosin staining showed that tumor tissues col-

lected from the HOXA11-AS knockdown group had fewer Ki67-

positive cells, whereas the HOXA11-AS overexpression group had

more Ki67-positive cells than the control group (Fig. 4E).

Figure 2.

E2F1 promotes HOXA11-AS transcription in gastric cancer cells. A, prediction of E2F1 binding sites in the HOXA11-AS promoter region using JASPAR. B, the

correlation between E2F1 and HOXA11-AS expression was detected by analyzing GSE15459 data. C, HOXA11-AS expression was detected by qRT-PCR in BGC823,

SGC7901, and 293T cells transfected with E2F1 vector. D, ChIP assays were performed to detect E2F1 occupancy in the HOXA11-AS promoter region. ANRIL

was used as a positive control and IgG as a negative control. E, dual luciferase reporter assays were used to determine the E2F1 binding on the HOXA11-AS

promoter region. �, P < 0.05; �� , P < 0.01.
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HOXA11-AS functions as a scaffold for EZH2 and LSD1

To investigate the potential mechanisms of HOXA11-AS in

gastric cancer cells, we first examined its distribution in gastric

cancer cells using FISH and subcellular fractionation. HOXA11-

AS RNAs were more prevalent in the nucleus (Fig. 5A and

Supplementary Fig. S4A). Then, we predicted the interaction

probabilities of HOXA11-AS and RNA-binding proteins via

RNA–protein interaction prediction (http://pridb.gdcb.iastate.

edu/RPISeq/), and found that HOXA11-AS potentially binds

EZH2, LSD1, DNMT1, AGO2, and STAU1 (as the RF or SVM

score > 0.5; Supplementary Fig. S4B). We next performed RIP

assays and confirmed that HOXA11-AS directly binds EZH2,

LSD1, DNMT1, WDR5, STAU1, and AGO2 in gastric cancer cells

(Fig. 5B). In addition, we performed RIP assays in AGS cells

transfected with the HOXA11-AS overexpression vector and

confirmed that HOXA11-AS directly binds with EZH2 and

LSD1 (Supplementary Fig. S4C). Moreover, RNA pull-down

assays further confirmed that HOXA11-AS indeed binds with

EZH2, LSD1, and AGO2 in gastric cancer cells (Fig. 5C).

Immunoprecipitation analysis showed that EZH2 could inter-

act with LSD1 and DNMT1 in gastric cancer cells (Supplemen-

tary Fig. S4D).

Our results showed that HOXA11-AS could both bind EZH2

and LSD1, indicating that HOXA11-ASmay function as a scaffold

for EZH2 and LSD1 in gastric cancer cells. To verify this hypoth-

esis, the HOXA11-AS was cut intoHOXA11-AS-D1(1-856 nt) and

-D2(857-1565 nt), and their overexpression vectors were con-

structed and transfected into AGS cells. RIP assays in AGS cells

transfected with HOXA11-AS-D1 or -D2 vectors showed that

HOXA11-AS-D1 mostly bound with EZH2, whereas HOXA11-

AS-D2 bound with LSD1 (Fig. 5D and Supplementary Fig. S4E).

RNA pull-down assays showed similar results (Fig. 5E). These

data indicated that HOXA11-AS may function as a scaffold and

bind with EZH2 at its 50 region and LSD1 at its 30 region in gastric

cancer cells.

PRSS8 and KLF2 are key downstream targets of HOXA11-AS

There is evidence that antisense transcript lncRNAs can directly

or indirectly regulate the expression of the sense genes; however,

HOXA11-AS had no influence on HOXA11 expression (Supple-

mentary Fig. S5A). To further investigate the potential genes

involved in HOXA11-AS function, we performed RNA-sequenc-

ing assays. As shown in Fig. 5F, many genes involved in cell

proliferation and cell–cell junction regulation were affected by

HOXA11-AS (Supplementary Fig. S5B). Several genes that may

contribute to gastric cancer were selected and confirmed by qPCR

assays. Among these altered genes, PRSS8 and KLF2 have been

identified as novel tumor suppressors that are involved in cancer

cell proliferation, apoptosis, and invasion. Hence, we chose KLF2

andPRSS8 for further investigation.Western blot analysis showed

that knockdown of HOXA11-AS upregulated PRSS8 and KLF2 in

gastric cancer cells (Fig. 5G).

Figure 3.

HOA11-AS promotes cell proliferation, migration, and invasion in GC cells. A, MTT assays were used to determine the cell viability of si-HOXA11-AS or

HOXA11-AS vector–transfected GC cells. B, colony formation assays were used to determine the cell colony formation ability of si-HOXA11-AS–transfected cells.

C, FACS analysis of the effect of HOXA11-AS on cell apoptosis. D and E, Transwell assays showed that HOXA11-AS knockdown inhibits gastric cancer cell

migration and invasion. � , P < 0.05; ��, P < 0.01.
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To determine whether HOXA11-AS–interacting proteins are

involved in the regulation of PRSS8 and KLF2, we first treated

gastric cancer cells with DNMT1, EZH2, and LSD1 inhibitors and

examined the impact on PRSS8 and KLF2 expression. The results

showed that 50aza, GSK343, or OGL002 treatment upregulated

both PRSS8 and KLF2 expression (Supplementary Fig. S5C).

However, knockdown of DNMT1 and EZH2 increased KLF2

expression, whereas knockdown of EZH2 and LSD1 upregulated

PRSS8 expression in both BGC823 and SGC7901 cells (Fig. 5H

and Supplementary Fig. S5D). Together, these findings indicate

that DNMT1 and EZH2 may be involved in HOXA11-AS–medi-

ated repression of KLF2 expression, whereas EZH2 and LSD1

might contribute to HOXA11-AS–mediated repression of PRSS8

expression in gastric cancer cells.

We next designed four paired primers across the promoter

region (2,000 bp) of KLF2 and PRSS8, and then performed ChIP

assays to examine the regulatorymechanisms. The results showed

that DNMT1 could directly bind to the KLF2 promoter region

(-956); EZH2 could directly bind to PRSS8 (-1264) and KLF2

promoter region (-956) and induce H3K27me3 modifications;

LSD1 directly binds to the PRSS8 promoter region (-1264) medi-

ated H3K4 demethylation, and HOXA11-AS knockdown

decreased their binding ability and induced modification in

gastric cancer cells (Fig. 5I and Supplementary Fig. S5E).

HOXA11-AS functions as ceRNA and sponges miR-1297 in

gastric cancer cells

Besides regulation of targets epigenetically in the nucleus,

several studies have revealed that some lncRNAs could also

regulate the expression of target genes by functioning as com-

peting endogenous RNAs (ceRNA) for specific miRNAs in

cytoplasm. Our previous study found that HOTAIR could

Figure 4.

HOXA11-AS promotes gastric cancer cell tumor growth in vivo. A, representative images of mice bearing tumors from empty vector, sh-HOXA11-AS 1# and

sh-HOXA11-AS 2# groups, and the tumor volume growth curves after injections in different groups. B, HOXA11-AS levels were detected in tumors from mice by

qRT-PCR.C, representative images ofmice bearing tumors from empty vector andHOXA11-AS vector groups, and the tumor volume growth curves after injections in

two groups. D, HOXA11-AS levels were detected in tumors from empty vector and HOXA11-AS vector groups mice by qRT-PCR. E, representative images for

hematoxylin and eosin staining and Ki67 immunostaining of tumor samples from different groups. � , P < 0.05; �� , P < 0.01.
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function as a ceRNA and sponge for miR331-3p (16), or repress

miR34a transcription by binding with EZH2 in gastric cancer

cells (38). Interestingly, our abovementioned findings showed

that HOXA11-AS could bind AGO2 protein, suggesting that

HOXA11-AS may also function as a ceRNA. To verify this hypoth-

esis, we examined theHOXA11-AS sequence and foundmiR-1297,

let-7f, miR148, andmiR152-binding sites. Furthermore, dual lucif-

erase reporter assays showed that onlymiR-1297 and let-7f directly

bind the HOXA11-AS sequence, and the binding ability of miR-

1297 is stronger (Fig. 6A). To further confirm the luciferase assay

results, we mutated the miR-1297-binding site in HOXA11-AS by

site-directed mutagenesis. As expected, the miR-1297-mediated

suppression of luciferase activity was abolished in this mutated

HOXA11-AS construct compared with the wild-type vector (Fig.

6B). Moreover, RIP experiments showed that HOXA11-AS and

miR-1297werepreferentially enriched inAgo2-containingmiRNPs

relative to control IgG (Fig. 6C).Human FOSwas used as a positive

control.

Some studies showed that miR-1297 could inhibit HCC and

colorectal cancer cell proliferation and invasion through targeting

HMGA2 and EZH2 (39, 40). To investigate whether miR-1297

functions as a tumor suppressor in gastric cancer cells, we per-

formed MTT and Transwell assays. As shown in Fig. 6D–F, over-

expression of miR-1297 impaired gastric cancer cell proliferation

and invasion. Importantly, Western blot assays also showed that

knockdown ofHOXA11-AS decreased EZH2 protein levels, which

is consistent with miR-1297-induced downregulation of EZH2

protein (Fig. 6G). Finally, correlation analysis in gastric cancer

tissues showed that HOXA11-AS expression is negatively associ-

ated with miR-1297 and positively associated with EZH2 expres-

sion (Fig. 6H). Together, these data indicate that HOXA11-AS

acts as a ceRNA for miR-1297, and thereby derepresses EZH2

Figure 5.

HOXA11-AS functions as a scaffold for PRC2/LSD1/DNMT1 to regulate PRSS8 and KLF2 in gastric cancer cells. A, FISH was used to detect HOXA11-AS location

in BGC823, SGC7901, and MGC803 cells. Green, HOXA11-AS; blue, DAPI. B, RIP assays of HOXA11-AS binding to indicated proteins in BGC823 and

SGC7901 cell extracts. C, RNA pull-down was used to examine the association of HOXA11-AS and EZH2. AR binding to HuR was used as a positive control.

D, the HOXA11-AS 50 region bound with EZH2 and the 30 region bound with LSD1 in RIP assays. E, biotinylated HOXA11-AS F, D1, and D2 RNAs were incubated with

BGC823 cell lysates, and Western blot analysis was performed to evaluate the specific association between them and EZH2 or LSD1. F, heatmap of altered

genes in HOXA11-AS knockdown BGC823 cells compared with control cells. G, qRT-PCR and Western blot analyses were performed to confirm the selected gene

expression in HOXA11-AS knockdown cells.H, PRSS8 and KLF2 expressionwas examined in cells transfected with EZH2, LSD1, or DNMT1 siRNAs. I,ChIP shows EZH2,

LSD1, or DNMT1 occupancy on the PRSS8 and KLF2 promoter regions, and knockdown of HOXA11-AS decreases their occupancy. � , P < 0.05; �� , P < 0.01.
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expression and imposes an additional level of post-transcription-

al regulation.

Oncogenic function of HOXA11-AS by repressing PRSS8 and

KLF2 expression

To further determine whether KLF2 and PRSS8 function as

tumor suppressors in gastric cancer, we first analyzed their levels

in normal and tumor tissues. The results showed that KLF2 and

PRSS8 expression are both downregulated in tumor tissues

(Fig. 7A and Supplementary Fig. S6A and S6B). Moreover, immu-

nohistochemical staining assays showed that KLF2 and PRSS8 are

upregulated in tumor tissues formed from HOXA11-AS knock-

downcells (Fig. 7A). In addition, overexpressionof bothKLF2 and

PRSS8 impaired BGC823 cell proliferation; however, overexpres-

sion of KLF2 was enough to inhibit SGC7901 cell proliferation

(Fig. 7B). PRSS8 overexpression inhibited BGC823 and SGC7901

cell invasion (Fig. 7C). Previous studies have demonstrated that

CDNN1A and b-catenin are KLF2 and PRSS8 underlying targets,

and we also found that KLF2 overexpression increased CDKN1A

expression whereas up-regulated PRSS8 expression decreased

b-catenin protein expression (Fig. 7D). Kaplan–Meier survival

analysis showed that downregulation of PRSS8 and KLF2 are

associated with poor prognosis in gastric cancer patients (Sup-

plementary Fig. S6C).

To determine whether PRSS8 and KLF2 are involved in the

HOXA11-AS–induced increase of gastric cancer cell proliferation

and invasion, we performed rescue experiments. AGS cells were

cotransfected with HOXA11-AS, KLF2, or PRSS8 vector, and

BGC823 cells were cotransfected with si-HOXA11-AS, si-PRSS8,

or si-KLF2 (Fig. 7E). MTT assays showed that KLF2 partially

rescued the HOXA11-AS–induced cell proliferation and PRSS8

partially reversed the HOXA11-AS–induced cell invasion, which

may be owing to regulation of CDKN1A and b-catenin expression

(Fig. 7F and G). Finally, we found a negative correlation between

HOXA11-AS and PRSS8 or KLF2 expression in gastric cancer

tissues (Fig. 7H). These data suggested that HOXA11-AS

Figure 6.

HOXA11-AS acts as a ceRNA for miR-1297. A and B, luciferase reporter assays were used to determine the interacting activity between miRNAs and

HOXA11-AS. Luciferase activity is shown as relative luciferase activity normalized to Renilla activity. C, RNA levels in immunoprecipitates are presented as

fold enrichment in Ago2 relative to IgG immunoprecipitates. D, miR-1297 levels were examined in BGC823 and SGC7901 cells after transfection with mimics.

E and F,MTT and Transwell assays showed that cell proliferation and invasionwas suppressed bymiR-1297 overexpression.G,Western blot analysis of EZH2 protein

levels in BGC823 cells transfected with HOXA11-AS siRNA or miR-1297 mimics. H, the correlation between HOXA11-AS and EZH2, or miR-1297 expression was

analyzed. � , P < 0.05; �� , P < 0.01.

Oncogenic Function of HOXA11-AS in Gastric Cancer

www.aacrjournals.org Cancer Res; 76(21) November 1, 2016 6307

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/7

6
/2

1
/6

2
9
9
/2

7
3
9
2
1
8
/6

2
9
9
.p

d
f b

y
 g

u
e
s
t o

n
 2

6
 A

u
g
u
s
t 2

0
2
2



promotion of gastric cancer cell proliferation and invasion may

partially depend on regulation of KLF2 and PRSS8 expression.

Discussion

In recent years, thousands of lncRNAs have been discovered by

RNA sequencing and annotated by the GENECODE project;

however, little more than expression patterns of these lncRNAs

has been established (41). As dozens of lncRNAs have been

identified as critical players in cancer cell growth and metastasis,

attention toward lncRNAs in cancer is continuing to increase.

Although alterations of lncRNAs in gastric tumorigenesis are

already a recognized phenomenon, the functional role and

molecular mechanism of many GC-associated lncRNAs remain

undetermined (42). In this study, we compared the lncRNA

profiles of gastric cancer and normal gastric tissues using the

sequencing data from TCGA project and microarray profile from

GEO. Only lncRNA HOXA11-AS displayed specific overexpres-

sion in gastric cancer but not in other cancers.We further validated

the HOXA11-AS expression pattern in gastric cancer clinical

samples and found that HOXA11-AS expression was associated

with poor prognosis.

It has been shown that lncRNAs play key roles in regulation

of the malignant phenotypes of cancer cells. Our findings also

showed that knockdown of HOXA11-AS inhibited gastric can-

cer cell proliferation and invasion, and induced cell apoptosis.

Our findings suggest that HOXA11-AS may function as an

oncogenic lncRNA in gastric cancer and potentially be consid-

ered as a novel prognostic indicator for this disease. Recent

studies have demonstrated that many lncRNAs contribute to

the development of multiple types of cancers (43). However,

the regulators involved in lncRNA disorder expression in cancer

cells are not well known. In this study, our data demonstrated

that HOXA11-AS overexpression in gastric cancer cells could be

activated by E2F1, which can also promote lncRNA ERIC (44)

and ANRIL (45) expression.

Figure 7.

HOXA11-AS promotes gastric cancer cell proliferation and invasion in part by regulating PRSS8 and KLF2. A, left, detection of PRSS8 and KLF2 protein levels in

gastric cancer and normal tissues by IHC; right, immunohistochemical analysis of PRSS8, KLF2, and CDKN1A protein levels in tumor tissues formed from

HOXA11-AS knockdown or control cells. B, MTT assays were used to determine cell viability of BGC823 and SGC7901 cells. C, Transwell assays were used to

determine cell migration and invasion ability of BGC823 and SGC7901 cells. D and E, KLF2, CDKN1A, PRSS8, and b-catenin protein levels were detected byWestern

blot analysis in BGC823, SGC7901, or AGS cells. F and G, MTT and Transwell assays were used to determine the cell viability and invasion for HOXA11-AS,

KLF2, or PRSS8 vectors cotransfected AGS cells or siRNAs cotransfected BGC823 cells. H, the correlation between HOXA11-AS and KLF2, or PRSS8 expression

was detected by qPCR. I, summary of the mechanism of HOXA11-AS in gastric cancer cells. � , P < 0.05; �� , P < 0.01.
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LncRNAs can guide and recruit DNA, histone protein modifi-

cation enzymes, or transcription factors to specific genomic loci,

leading to inactivation of tumor suppressors or activation of

oncogenes (46). In addition, a subset of lncRNAs is enriched in

the cytoplasm, where the lncRNAs participate in cellular biolog-

ical processes by functioning as ceRNAs or regulating mRNA

stability, mRNA alternative splicing, and protein localization

(47). Here, we found that HOXA11-AS could simultaneously

bind several RNA-binding proteins (PRC2, LSD1, and DNMT1)

and function as a scaffold to regulate PRSS8 and KLF2 at tran-

scriptional level. The findings by Chang and colleagues, as well as

ours, found that the 50 domainofHOTAIRbindsPRC2,whereas 30

domain of HOTAIR binds the LSD1/CoREST/REST complex. The

lncRNA-mediated assembly of PRC2 and LSD1 coordinates tar-

geting of PRC2 and LSD1 for coupled H3K27 methylation and

H3K4 demethylation (48). In addition, previous study has

revealed that EZH2 interacts with DNA methyltransferases

(DNMT) and associates with DNMT activity (49). Our findings

suggest that DNMT1, EZH2, and LSD1 are directly binding target

regions, and their interaction ismediatedby lncRNAHOXA11-AS.

Meanwhile, DNMT1, EZH2, and LSD1 are also likely to be

recruited by other sequence-specific transcription factors. More-

over, HOXA11-AS also acts as a ceRNA for miR-1297 in the

cytoplasm, and binding with miR-1297 releases its inhibition of

EZH2 mRNA, resulting in elevated EZH2 protein levels. EZH2

protein could then enter into the nucleus, which could further be

recruitedbyHOXA11-AS to repress PRSS8 andKLF2 transcription.

The decreased PRSS8 protein could further stimulate b-catenin

protein. This feedback loop resulted in loss of PRSS8 and KLF2

and continuous high b-catenin expression, which finally pro-

motes gastric cancer cell proliferation and invasion (Fig. 7I). In

addition, RNA sequencing in HOXA11-AS knockdown cells

showed that many other genes involved in cell proliferation and

migration, such as CDH1, TIPM2, CCNA2, and USP22, are also

affected by HOXA11-AS in gastric cancer cells, suggesting that

these genes may also be involved in the contributions of

HOXA11-AS to gastric tumorigenesis.

PRSS8 is a member of the prostasin protein family, which is

essential for terminal epithelial differentiation and is expressed

abundantly in the normal epithelium (50). PRSS8 is downregu-

lated in high-grade and hormone-refractory epithelial cancers

including gastric cancer (51). PRSS8 was recently identified as

an invasion suppressor through modulation of EGFR and EMT

process, and epigenetic regulators might be involved in PRSS8

downregulation (52). Epigenetic alterations are also involved in

the silencing of KLF2 expression in cancer cells (53). KLF2 is

reduced in multiple cancers and functions as a tumor suppressor

owing to its role in the inhibition of proliferation and inductionof

apoptosis, which is mediated by KRAS and partly through acti-

vating CDKN1A (54, 55). In this study, we found that PRSS8 and

KLF2 also function as tumor suppressors in gastric cancer cells and

their silencing is involved in the HOXA11-AS–exerted oncogenic

function in gastric cancer cells.

Our results revealed that the gastric cancer–associated lncRNA

HOXA11-AS is an oncogenic lncRNA that promotes tumorigen-

esis through serving as a scaffold and recruiting multiple chro-

mosome modification enzymes to target specific genes or as

ceRNA for specific miRNAs. Our findings support the idea that

lncRNAs, such as HOXA11-AS, play crucial roles in gastric cancer

progression and suggest that HOXA11-AS is potentially an effec-

tive target for gastric cancer therapy.
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