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The prognosis of gastric cancer (GC) patients with peritoneal dis-
semination remains poor, and a better understanding of the under-
lying mechanisms is critical for the development of new treatments
that will improve survival in these patients. This study aimed to
clarify the clinical and biological role of two key metastasis-asso-
ciated long non-coding RNAs (IncRNAs) in GC. We analyzed the
expression levels of two IncRNAs—Metastasis-Associated Lung
Adenocarcinoma Transcript 1 (MALAT1) and HOX-Antisense
Intergenic RNA (HOTAIR)—by real-time reverse transcription
PCR in 300 gastric tissues (150 GC and 150 adjacent normal
mucosa), and in seven GC cell lines. Functional characterization
for the role of HOTAIR in GC was performed by small interfer-
ing RNA (siRNA) knockdown, followed by series of in-vitro and
in-vivo experiments. Expression of both IncRNAs was significantly
higher in cancerous tissues than in corresponding normal mucosa,
and higher expression of these IncRNAs significantly correlated
with peritoneal metastasis in GC patients. In addition, elevated
HOTAIR expression emerged both as an independent prognostic
and risk factor for peritoneal dissemination. SIRNA knockdown
of HOTAIR in GC cells significantly inhibited cell proliferation,
migration and invasion, but concurrently enhanced the anoikis
rate in transfected cells. In an in vivo assay, HOTAIR siRNA-trans-
fected MKN4S5 cells injected into nude mice inhibited the growth
of xenograft tumors and peritoneal metastasis compared with con-
trols. Our data provide novel evidence for the biological and clini-
cal significance of HOTAIR expression as a potential biomarker
for identifying patients with peritoneal metastasis, and as a novel
therapeutic target in patients with gastric neoplasia.

Introduction

Metastasis of cancer cells is a critical event in tumor progression and
determining the prognosis of patients with malignant disease. Recent
advances in multimodal therapeutic regimens that combine systemic
chemotherapy with radiation therapy and surgery have helped improve
the overall prognosis in advanced cancer patients with various type of
distant metastasis; nevertheless the manifestation of peritoneal metas-
tasis is commonly considered a terminal condition with an inevitably
fatal outcome.

Gastric cancer (GC) is the second most common cause of cancer-
related deaths worldwide (1), and peritoneal dissemination represents
the most common metastatic pattern in GC (2,3). Furthermore, peri-
toneal dissemination is the most difficult type of metastasis to treat

Abbreviations: GC, gastric cancer; HOTAIR, HOX-Antisense Intergenic
RNA; IncRNAs, long non-coding RNAs; MALAT1, Metastasis-Associated
Lung Adenocarcinoma Transcript 1; siRNA, small interfering RNA.

due to the lack of effective treatment regimen, which results in an
extremely poor prognosis of ~3—6 months (4,5). Therefore, a better
understanding of the molecular mechanisms underlying peritoneal
dissemination is essential for the development of new treatments
that might lead to improved survival of GC patients with peritoneal
dissemination.

Most studies investigating mechanisms of metastasis have focused
on specific protein-encoding genes or transcription factors controlling
expression of these genes. However, recent transcriptomic analyses
have provided convincing evidence that an overwhelming amount
of the transcribed but non-translated non-coding RNAs (6,7) in the
human genome, once perceived as ‘junk’, actually plays an impor-
tant physiologic role in tissue homeostasis, and may be important in
various diseases including cancer. Long non-coding RNAs (IncR-
NAs), which are commonly defined as transcripts >200 nucleotides
in length, have emerged as a class of key regulatory RNAs (8). Recent
evidence suggests that IncRNAs are differentially expressed in cancer
cells and play a major role in the development of cancer progression,
including metastasis (9-13).

One of the first IncRNAs identified in lung metastasis was MALAT1
(Metastasis-Associated Lung Adenocarcinoma Transcript 1, also known
as NEAT?2, for Nuclear-Enriched Abundant Transcript 2). MALAT1 is a
nuclear IncRNA with a length of more than 8000 nt, and is encoded on
chromosome 11q13 (14,15). MALAT1 regulates alternative splicing by
modulating the phosphorylation and distribution of pre-messenger RNA
splicing factors (SR proteins) (15). Binding of MALAT1 to unmethyl-
ated polycomb 2 proteins mediates the translocation of growth-control
genes from the repressive environment of polycomb bodies to a gene
activating function in interchromatin granules in response to growth
signals, which leads to activation of a growth control program (16).
Recently, upregulated expression of MALAT1 was observed in various
types of human solid carcinomas (17-22), raising the possibility that
MALAT1 may be involved in cancer metastasis (14,23-26).

HOTAIR (HOX-Antisense Intergenic RNA), another IncRNA, has
also been suggested to play a role in cancer metastasis. HOTAIR is
a 2158-bp long IncRNA located within the homeobox C cluster, and
regulates the HOXD cluster of genes through trimethylation of his-
tone H3 lysine-27 (H3K27me3) by the polycomb-repressive complex
2 (27,28). Increased expression of HOTAIR has been observed in var-
ious solid tumors (29,30), and this feature correlates with enhanced
metastasis in breast and colon cancer patients (28,31). In spite of the
growing number of studies highlighting their importance in cancer,
none of the previous studies has systematically investigated the poten-
tial role of metastasis-associated IncRNAs in human GC. In light of
these observations, we hypothesized that these two key IncRNAs
might be intimately involved in the development of peritoneal metas-
tasis in GC, which is the most representative and serious metastasis
pattern in GC patients. We asked whether exploration of these IncR-
NAs expression might help establish not only their functional role, but
possibly reveal their clinical usefulness as potential cancer metastasis
biomarkers in GC patients.

Accordingly, we focused on the two key metastasis-related IncR-
NAs and evaluated their expression statuses in gastric tissues to evalu-
ate their clinical significance as prognostic biomarkers and risk factors
for peritoneal metastases in GC. Furthermore, we also performed
extensive in vitro and in vivo experiments to decipher the functional
role of HOTAIR in GC.

Materials and methods

Patients and sample collection

We analyzed a cohort of 300 gastric tissues, which consisted of 150 pairs
of GC tissues and corresponding non-cancerous gastric mucosa. These
patients all underwent surgery for GC between January 2000 and November
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2009 at the Mie University Hospital, Japan. Further information on patient
demographics and clinic-pathological characteristics is provided in the
Supplementary Materials and methods, available at Carcinogenesis Online.
All tissue specimens were preserved immediately after surgical resection in
RNAlater (QIAGEN, Chatsworth, CA) and stored at —80°C until RNA extrac-
tion. Written informed consent was obtained from each patient, and the study
was approved by the institutional review boards of all the involved institutions.

Total RNA extraction and cDNA synthesis

RNA/ater-preserved surgical specimens were homogenized with a Mixer Mill
MM 300 homogenizer (QIAGEN). Total RNA from tissues and cell lines was
isolated using RNeasy Mini kits (QIAGEN) according to the manufacturer’s
instructions. cDNA was synthesized from 5.0 ug total RNA with random
hexamer primers and SuperScript® III Reverse Transcriptase (Invitrogen™,
Carlsbad, CA).

Real-time quantitative RT-PCR and relative expression levels

Quantitative reverse transcriptase PCR analysis was performed using the
StepOne™ Real Time PCR System (Applied Biosystems®, Foster City,
CA). The relative abundance of target transcripts was measured using
TagMan probes for MALATI (Hs00273907_s1, TagMan Gene Expression
Assays, Applied Biosystems®) and HOTAIR (Hs03296631_ml, Applied
Biosystems®), and the expression of these IncRNAs was normalized to the
expression level of GAPDH (Hs02758991_g1, Applied Biosystems®); expres-
sion levels were evaluated using Applied Biosystems StepOne Software v2.1.
All other primer sets and sequences are shown in Supplementary Table S1,
available at Carcinogenesis Online. The relative expression of each messen-
ger RNA and IncRNA was determined by the standard curve method. Further
information is provided in the Supplementary Materials and methods, avail-
able at Carcinogenesis Online.

In situ hybridization

Five-micrometer-thick formalin fixed paraffin embedded tissue sections
were hybridized with the HOTAIR probe (LNA-modified and 5- and 3’-
DIG labeled oligonucleotide; Exiqon, Woburn, MA), followed by incubation
with anti-DIG-AP Fab fragments conjugated to alkaline phosphatase, and
the hybridization signal was detected by applying nitroblue tetrazolium/5-
bromo-4-chloro-3-indolyl phosphate color substrate (Roche Applied Science,
Mannheim, Germany). Positive controls (U6 snRNA, LNA-modified and 5'-
and 3’-DIG-labeled oligonucleotide; Exiqon) and negative controls (scram-
bled, LNA-modified and 5’-and 3’-DIG-labeled oligonucleotide; Exiqon) were
included in each hybridization experiment.

Cell lines

Human GC cell lines MKN7 (well differentiated tubular adenocarcinoma),
MKN45 (poorly differentiated adenocarcinoma), MKN74 (well differentiated
tubular adenocarcinoma), NUGC4 (signet-ring cell carcinoma) and AZ521
(tubular adenocarcinoma) were obtained from the Cell Resource Center for
Biomedical Research, Tohoku University. AGS (moderately-poorly differ-
entiated adenocarcinoma) and KATOIII (signet-ring cell carcinoma) were
obtained from the American Type Culture Collection (ATCC, Rockville, MD).
All cell lines were tested and authenticated using a panel of genetic and epige-
netic markers every few months. These cell lines were maintained in Iscove's
Modified Dulbecco's Medium (Invitrogen, Carlsbad, CA) containing 10% fetal
bovine serum and antibiotics at 37°C in 5% humidified CO, atmosphere.

HOTAIR RNA interference studies

HOTAIR-specific small interfering RNA (siRNA) (Silencer Validated siRNA,
standard purity) and control siRNA (Silencer Select Negative Control #1
siRNA) were purchased from Ambion® (Austin, TX). Reverse transfection
was performed by mixing cell suspensions with the siRNA oligonucleotides,
Optimem I (Invitrogen™) and Lipofectamine 2000 (Invitrogen™) before plat-
ing. The final siRNA oligonucleotide concentrations for MKN45 and KATOIIT
were 30 and 50nM, respectively. Cells were transfected for 24 h followed by
additional 24 h incubation in culture media before harvesting for analysis.

Cell proliferation, cell cycle analysis and colony formation assays

The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide)
assay (Sigma) was used to determine cellular proliferation. For cell cycle anal-
ysis, the DNA content of HOTAIR siRNA and control siRNA-transfected GC
cells was evaluated using the Muse™ Cell cycle assay kit (Millipore, Billerica,
MA) according to the manufacturer’s instructions using the Muse Cell Analyzer
(Millipore). Colony formation assays were performed 10 days after transfection
with HOTAIR or control siRNAs, and the number of colonies with >50 cells
was counted using GeneTools image analysis software (Syngene, Cambridge,
UK). Additional experimental details on these assays are provided in the
Supplementary Materials and methods, available at Carcinogenesis Online.
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Cell invasion, migration and wound healing assays

The invasion assay was performed as described previously (32). Two days fol-
lowing transfection with HOTAIR siRNA or negative control siRNA, invasion
and migration assays were performed with Boyden chambers (BD Biosciences)
that had 8 um pore size membranes with Matrigel (for the invasion assay)
or without Matrigel (for the migration assay). For wound healing assays, cell
monolayers transfected with HOTAIR siRNA or control siRNA were scratched
with a sterile 200 ul pipette tip, and cell migration was observed for up to 48 h.
All experiments were conducted with replicates in three independent experi-
ments and results were normalized against the cell numbers in 48 h siRNA
transfection.

Anoikis assays

Anoikis assays were performed in 6-well Costar Ultra Low Attachment
Microplates (Corning, Corning, NY). After a 24 h induction of anoikis, the rate
of apoptosis was measured using the Annexin V dead cell assay (Millipore)
and the MTT assay (Sigma) following the manufacturer’s instructions. Further
information is provided in the Supplementary Materials and methods, avail-
able at Carcinogenesis Online.

In vivo studies

Male athymic nude mice were obtained from Harlan Laboratories (Houston,
TX) at 5 weeks of age and kept under controlled conditions (12 h light and dark
cycles). The animal protocol was approved by the Institutional Animal Care and
Use Committee of the Baylor Research Institute. To establish a xenograft tumor
model, MKN45 GC cells transfected with HOTAIR siRNA or negative control
siRNA were injected subcutaneously into the abdominal flanks of each mouse
(3 x 10° cells per mouse). Six to seven mice were used in each group. The mice
were monitored for 18 days following injection, and subcutaneous tumors were
measured every 2 days. Tumor size was measured using calipers and the vol-
ume was calculated using the following formula: (L x W x H)/2, where L repre-
sents length, W width, and H height. In the mouse peritoneal metastasis model,
MKN45 GC cells (3 x 10° cells/ml/mouse) transfected with HOTAIR siRNA
or negative control siRNA were injected intraperitoneally into mice (n = 14).
To examine the effect of HOTAIR inhibition on the peritoneal dissemination
potential of GC cells, we killed these mice 60 days postinjection and evaluated
the number of nodules in the mesentery and peritoneal walls.

Statistical analyses

Statistical analysis was performed using Medcalc version 12.3.0 (Broekstraat
52, 9030; Mariakerke, Belgium). Results are expressed as means + SE.
Differences between groups were estimated by Wilcoxon’s signed rank test,
the ¥ test, Mann—Whitney U-test, and one-way analysis of variance, as appro-
priate. Receiver operating characteristic curves were established to determine
the cut-off values for analyzing prognosis by Youden’s index. Overall patient
survival was measured from the date of surgery until the date of death result-
ing from any cause, or last known follow-up for patients that were still alive.
Actuarial survival curves were obtained using the Kaplan-Meier method, and
comparisons were made using log-rank tests. For assessment of the perfor-
mance as a prognostic marker for overall survival, the power calculations are
based on the detection difference of 0.05 between favorable and unfavorable
prognosis groups. The total sample size of 146 (distribution equally between
the two group) achieve over 95% power to detect when the proportions surviv-
ing in each group are 0.6 and 0.3 at a significance level of 0.05 using a two-
sided log-rank test. Cox proportional hazards models were used to estimate
hazard ratios for death. Multivariate logistic regression models were used to
predict factors influencing peritoneal metastasis. For multivariate testing, all
clinicopathological parameters significant in univariate analysis were included.
Two-sided P-values <0.05 were considered to be statistically significant.

Results

Overexpression of metastasis-related IncRNAs in gastric cancer
Expression levels of MALAT1 and HOTAIR IncRNAs in 150 GC
tissues and paired adjacent normal mucosa were examined by quan-
titative real-time PCR. The expression levels of both MALAT1 and
HOTAIR were significantly higher in neoplastic tissues compared
with matching adjacent normal mucosa (MALATI; P = 0.0001,
HOTAIR; P < 0.0001; Figure 1a and b).

High expression of HOTAIR is associated with peritoneal metasta-
sis and poor outcome in GC patients

Next, we analyzed the expression patterns of both IncRNAs with
various clinicopathological factors to determine whether the


http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgu200/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgu200/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgu200/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgu200/-/DC1
http://carcin.oxfordjournals.org/lookup/suppl/doi:10.1093/carcin/bgu200/-/DC1

Metastasis-associated IncRNAs in gastric cancer

a 0. b 7004
600
5 200 5 p<0.0001*
= 4 k]
¢ § s00-
g g
- [ -
¢ 150 S 400
& £
< « -
£ 100- w 300
':' =
é g 2004
50
2 T 100
0 - 0 -
Adjacent Cancerous tissue Adjacent Cancerous tissue
normal mucosa normal mucosa
c d
1004 100+
p=0.102 p=0.0034*
— 80 4 . — 80+ .
S MALAT-1 low expression 5] HOTAIR low expression
£ £
E 60 t 5 60 -
T ", T "y mery
@ 40 4 ra-arr-Tty---a o 40 - ==
> > h .
e} e} Lymmr—r—————
=50 4 MALAT-1 high expression X204 HOTAIR high expression
0 T T T T T T 0 T T T T T T
0 10 20 30 40 50 60 0 10 20 30 40 50 60
. Months after operation i Months after operation
Number at risk Number at risk
MALAT-1 high expression HOTAIR high expression
88 68 47 32 15 11 6 77 54 36 20 11 5 4
MALAT-1 low expression HOTAIR low expression
62 50 32 20 17 9 4 73 64 43 32 21 15 6
e
Positive control Negative control HOTAIR
'* =] L,
\ o,

[ ]

[ ]

Fig. 1. Metastasis associated IncRNA expression status in GC tissues and adjacent normal mucosa. (a and b) Quantitative real-time PCR was performed on 150 GC
and paired normal samples. MALAT1 and HOTAIR expression was significantly higher in cancer samples than in adjacent normal mucosa (P = 0.0001, P < 0.0001,
respectively, Wilcoxon rank correlation test). (¢ and d) Kaplan—Meier survival curves of GC patients according to MALAT1 (c) and HOTAIR (d) expression levels.
Patients with high expression of HOTAIR had significantly poorer prognosis compared with those in the low-expression group. (e) /n situ hybridization analysis of

HOTAIR in GC tissues and adjacent normal mucosa. NM, normal mucosa; positive co

expression status has any prognostic significance in GC patients
(Table I). The expression cut-off thresholds for each IncRNA were
determined according to receiver operating characteristic analyses
with Youden’s index to determine overall survival of GC patients.
Based upon these determinations, we selected a cut-off threshold
of 0.985 for MALAT1 and 0.239 for HOTAIR for further analy-
sis. GCs with expression values higher than the cutoff thresholds
for both MALAT1 and HOTAIR IncRNAs were assigned to a high-
expression group (MALAT1, n = 88; HOTAOR, n = 77), whereas the
remainder were assigned to a low-expression group (MALAT1, n =
62; HOTAIR, n = 73).

Elevated MALAT1 expression significantly correlated with perito-
neal dissemination (Table I), although patients in the high-expression
group did not correlate with poor prognoses (Figure 1c). In contrast,
HOTAIR over-expression was significantly associated with both
peritoneal metastases (Table I) and with significantly poorer prog-
nosis compared with GCs in the low-expression group (Figure 1d).

ntrol, U6 snRNA; negative control, scramble control.

Moreover, by multivariate analysis, high-HOTAIR expression
emerged as an independent prognostic and risk factor for peritoneal
metastases in GC patients (Tables II and III). To further confirm the
pathological expression pattern of HOTAIR in clinical tissue speci-
mens, in situ hybridization staining was performed in primary GC
tissues and adjacent normal mucosa. In sifu hybridization experiments
revealed nuclear and cytoplasmic staining in GC cells, an observa-
tion consistent with previous reports in breast cancer (33). Moreover,
HOTAIR expression was upregulated in the primary GC cells com-
pared with the corresponding normal mucosa. Furthermore, in situ
hybridization data were in agreement with our quantitative reverse
transcriptase PCR results for HOTAIR expression in primary GC
and adjacent normal mucosa (Figure le). Considering these two
metastasis-related IncRNAs, only HOTAIR expression served as an
independent prognostic and risk factor for metastasis. Therefore, we
focused the rest of our study on HOTAIR for assessment of its bio-
logical function in gastric neoplasia.
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Table I. Clinicopathological variables and MALAT1 and HOTAIR expression in gastric cancer patients

Variable n MALAT-1 expression P value HOTAIR expression P value
High (n = 88) Low (n=62) High (n=77) Low (n=73)

Gender Male 119 68 51 0.459 59 60 0.399
Female 31 20 11 18 13

Age (years) <69 (median) 71 41 30 0.828 35 36 0.636
269 79 47 32 42 37

Tumor size 25.5cm (median) 76 46 30 0.639 39 37 0.997
<5.5cm 74 42 32 38 36

Histological type Intestinal type 75 42 33 0.507 38 37 0.871
Diffuse type 75 46 29 39 36

Pathological T category pT1/2 52 30 22 0.859 21 31 0.051
pT3/4 98 58 40 56 42

Vessel involvement Absent 31 16 15 0.371 15 16 0.626
Present 119 72 47 62 57

Lymphatic vessel involvement Absent 12 5 7 0.212 5 7 0.485
Present 138 83 55 72 66

Lymph node metastasis Absent 45 22 23 0.111 18 27 0.069
Present 105 66 39 59 46

Hepatic metastasis Absent 138 80 58 0.557 69 69 0.268
Present 12 8 4 8 4

Peritoneal carcinomatosis Absent 123 67 56 0.026* 56 67 0.002*
Present 27 21 6 21 6

*P < 0.05.

Table II. Uni- and multivariate analysis for risk of peritoneal metastasis in gastric cancer patients

Variable Univariate Multivariate

OR 95% CI P value OR 95% CI P value

Gender (male) 0.28 0.11-0.69 0.006* 0.29 0.10-0.85 0.024*

Age [269 (median)] 0.96 0.42-2.21 0.925

Tumor size [25.5cm (median)] 3.42 1.35-8.67 0.01* 3.54 1.19-10.5 0.023*

T classification (pT3/4) 53 1.51-18.6 0.009* 4.12 1.03-16.5 0.046*

Histological type (intestinal type) 0.52 0.22-1.24 0.141

Lymphatic invasion (present) NA NA 0.995

Venous invasion (present) 8.39 1.09-64.5 0.041* 9.8 1.10-87.6 0.041*

Lymph node metastasis (present) 2.88 0.93-8.86 0.066

HOTAIR expression (high) 4.19 1.58-11.1 0.004* 4.08 1.37-12.2 0.012%*

MALAT1 expression (high) 293 1.10-7.75 0.031%* 2.88 0.96-8.63 0.06

CI, confidence interval; OR, odds ratio.

*P <0.05.

Table III. Uni- and multivariate analysis for predictors of survival in gastric cancer patients

Variable Univariate Multivariate

HR 95% CI P value HR 95% CI P value

Gender (male) 0.83 0.46-1.47 0.521

Age [269 (median)] 1.2 0.74-1.95 0.455

Tumor size [25.5cm (median)] 1.60 0.98-2.62 0.061

T classification (pT3/4) 3.76 1.99-7.09 <0.001* 2.06 0.93-4.55 0.074

Histological type (intestinal type) 0.99 0.61-1.60 0.956

Lymphatic invasion (present) 2.07 0.65-6.58 0.219

Venous invasion (present) 3.08 1.40-6.76 0.005%* 2.07 0.93-4.61 0.076

Node involvement (present) 4.02 1.98-8.13 <0.001* 1.84 0.81-4.18 0.147

TNM stage (stage I1I/IV) 5.6 2.65-11.8 <0.001* 2.09 0.73-5.97 0.167

HOTAIR high expression 2.09 1.26-3.45 0.004* 1.77 1.06-2.95 0.028%*

MALATT1 high expression 1.54 0.92-2.58 0.105

CI, confidence interval; HR, hazard ratio.

*P <0.05.

Inhibition of HOTAIR suppresses cell proliferation, tumorigenicity,
migration and invasion in gastric cancer cells

As described above, we found that HOTAIR expression was not
only upregulated in cancerous tissue compared with adjacent normal
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mucosa, its expression also correlated with disease progression in GC
patients. In view of these findings, we next determined the functional
role of HOTAIR in the pathogenesis of GC. To investigate whether
HOTAIR alters the biological characteristics of GC cells, HOTAIR
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Fig. 2. Expression status of HOTAIR in GC cell lines and functional analysis using siRNA transfection. (a) HOTAIR expression status in gastric

cancer cell lines. (b) Knockdown of HOTAIR expression 48 h after transfection in MKN45 and KATOIII GC cell lines. HOTAIR gene expression was
downregulated dramatically after HOTAIR knockdown. (¢) Effect of HOTAIR suppression on MKN45 and KATOIII cell proliferation as assessed by the MTT
(3-(4,5-dimethylthiazol-2yl1)-2,5-diphenyltetrazolium bromide) assay. (d) Cell cycle analysis demonstrated that the GO/G1 fraction increased after HOTAIR

knockdown. Each value represents the mean + SE. *P < 0.05.

gene silencing was performed using siRNA. HOTAIR expression
was assessed by quantitative reverse transcriptase PCR in MKN7,
MKN45, MKN74, KATOIIL, NUGC4, AZ521 and AGS cells. MKN45
and KATOIII cell lines were subsequently chosen for siRNA transfec-
tion experiments since these cells demonstrated the highest levels of
HOTAIR expression (Figure 2a). Forty-eight hours after transfection
of MKN45 and KATOIII cells with HOTAIR siRNA, its expression
was considerably reduced in the HOTAIR siRNA-transfected cells
(Figure 2b).

In order to determine whether siRNA transfection of HOTAIR has
biological consequences in controlling cell proliferation in human
cancer cell lines, we analyzed the effect of HOTAIR—siRNA on cell
proliferation by MTT assays and cell cycle analysis in transfected cell
lines. Cell proliferation was significantly reduced following HOTAIR
knockdown, in comparison with mock-transfected cells (siControl)
as measured by a MTT proliferation assay (Figure 2c). Cell cycle

analysis revealed that the GO/Gl-phase fraction was significantly
increased after HOTAIR knockdown (Figure 2d).

Next, to examine the therapeutic effect of HOTAIR knockdown
on the colony-forming ability of single cells plated in vitro, we per-
formed colony formation assays. GC cells treated with siHOTAIR
resulted in significantly reduced number of colonies compared with
siControl transfected cells (Figure 3a).

To determine whether silencing HOTAIR inhibited cell migration
and invasion, in vitro migration and invasion assays were performed.
First, a wound-healing scratch assay was performed to compare the
migratory potential of GC cells transfected with HOTAIR siRNA
versus control siRNA. As illustrated in Figure 3b and 3c, HOTAIR
siRNA transfection of MKN45 and KATOIII GC cells resulted in sig-
nificantly diminished invasive and migratory potential compared with
cells transfected with control siRNA. All of these results suggest that
HOTAIR might be intimately involved in the pathogenesis of GC by
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cells treated with or without HOTAIR knockdown. Cell monolayers were scratched with a pipette tip and imaged 48 h after wound formation. (c¢) Cell invasion
and migration assay using Matrigel-coated transwell membranes (upper panel representative picture of invasive assay, bottom panel representative picture of
migration chamber, average counts from four random microscopic fields). Each value represents the mean + SE. *P < 0.05. (d) Anoikis assay to investigate the
anoikis resistance of MKN45 and KATOIII cells after HOTAIR siRNA knockdown. Following induction of anoikis for 24 h, the number of viable floating cancer
cells in low attachment plates was calculated by MTT assay (left panel) and apoptosis rates were measured by annexin V staining (right panel). Apoptotic cells

were calculated as upper right (UR) and lower right (LR).

enhancing the rates of cell growth, colonogenic survival and the inva-
sive and migratory potential of GC cells.

HOTAIR induces anoikis resistance in gastric cancer cells

Anoikis induces apoptosis by loss of cell adhesion (34), and resist-
ance to anoikis is considered a necessary feature of cancer cells dur-
ing dissemination and metastasis (35). Because our data revealed that
HOTAIR overexpression is an independent risk factor for peritoneal
dissemination, we hypothesized that one of the novel functions of
HOTAIR might be to provide resistance to anoikis in advanced stages
of gastric carcinogenesis. To interrogate whether HOTAIR silencing
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induces anoikis, we incubated GC cells with or without HOTAIR
knockdown treatments in anchorage-independent culture using an
ultra-low attachment plate. Given the importance of HOTAIR func-
tion in GC cells, we examined cell survival using multiple methods
following the induction of anoikis. Annexin V staining and flow
cytometry demonstrated significantly more apoptosis in both MKN45
and KATOIII cells after HOTAIR siRNA transfection compared with
control siRNA-transfected cells. In addition, we used the MTT assay
to evaluate the number of viable GC cells floating in low-attachment
plates. GC cell lines with siRNA knockdown of HOTAIR showed a



decreased number of viable GC cells, which was significantly lower
than observed in siControl-transfected cells (Figure 3d).

To further understand the biological consequences of key HOTAIR-
dependent target genes in GC cells, we evaluated the expression of 10
genes (ABL2, SNAII, LAMB3, LMAC2, JAM2, PCDH10, PCDHBS,
GDF15, MX1 and OASI), as they are known to be regulated by
HOTAIR in other types of cancer, in HOTAIR siRNA and mock trans-
fected cells (28,36). Inhibition of HOTAIR resulted in changes in the
expression of several of its target genes (LAMB3, GDF15 and OAS1)
in both MKN45 and KATOIII cells (Supplementary Figure S1, avail-
able at Carcinogenesis Online). These observations are consistent
with recent reports on HOTAIR-mediated gene expression in other
types of cancers (36,37), highlighting that this IncRNA may drive the
malignant phenotype in gastric neoplasia by altering the expression
of its target genes.

Downregulation of HOTAIR expression suppresses gastric carcino-
genesis in xenograft and peritoneal metastasis mouse models

To assess whether knockdown of HOTAIR suppresses the tumori-
genicity or formation of peritoneal dissemination in GC, we admin-
istered MKN45 cells transfected with either HOTAIR siRNA or
control siRNA, subcutaneously or intraperitoneally into nude mice

Metastasis-associated IncRNAs in gastric cancer

(3 x 10° cells per mouse). In the xenograft mouse model, 18 days
post-transfection, tumor volume and weight in cells transfected with
HOTAIR siRNA were significantly decreased compared with control
siRNA transfected cells (Figure 4a). Likewise, in mice where cells
were injected into the peritoneum, numbers of peritoneal tumors fol-
lowing HOTAIR siRNA transfection were significantly fewer than in
mice transfected with control siRNA (Figure 4b).

These data using multiple in vivo models further validate our in vitro
results and data obtained from the analysis of clinical specimens, fur-
ther highlighting the possibility that therapies targeting HOTAIR might
be attractive for the development of novel treatment for GC patients.

Discussion

Accumulating evidence suggests the importance of IncRNAs in
various human cancers (28,30,31,36), but the associations between
specific IncRNAs and a mechanistic role in driving GC, especially
peritoneal metastasis, has been unclear. In this study, we interrogated
the expression patterns of two key cancer-related IncRNAs in GC,
determined its association with peritoneal metastasis, characterized
their functional roles in gastric neoplasia and made several novel
observations. First, we have demonstrated that two metastasis-related
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Fig. 4. Functional analysis of HOTAIR using multiple in vivo models. Effect of HOTAIR knockdown in MKN45 on the xenograft model (a) was assessed by
evaluating tumor volume and weight compared with controls. (b) HOTAIR inhibition suppressed the growth of MKN45-induced peritoneal dissemination in the
peritoneum compared with negative controls. Seven mice were used in each group and each value represents the mean + SE. *P < 0.05.
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IncRNAs, MALAT1 and HOTAIR, were upregulated in primary GC
tissues compared corresponding adjacent normal mucosa, and moreo-
ver, their expression significantly correlated with peritoneal metasta-
sis. Second, HOTAIR expression in primary tissues was found to be
an independent prognostic and risk factor for peritoneal metastasis
in GC patients. Third, inhibition of HOTAIR impaired invasion and
migration of GC cells as well as proliferation, cycle progress and
anoikis resistance in GC cells. Fourth, we were able to successfully
validate in-vitro results in two animal models; knockdown of HOTAIR
reduced the tumor growth in the xenograft model and inhibited the
formation of metastatic nodules in a peritoneal carcinomatosis model.

In recent years, several IncRNAs have been identified and their
involvement in human carcinogenesis is currently being ascertained.
Since metastasis is the principal cause of cancer-related deaths, there
is a growing interest in the identification and understanding of metas-
tasis-associated IncRNAs in human malignancies. One such IncRNA,
MALAT1 was originally discovered to be a marker for metastasis devel-
opment in early stage lung adenocarcinoma (14), and more recently it
was shown to be a metastasis-related marker in squamous cell carci-
noma of the lung and hepatocellular carcinoma (26,38). HOTAIR has
also been described as a metastasis-associated IncRNA and has been
shown to be associated with disease progression and prognosis in sev-
eral types of cancer (28,29,39). A key finding of our study is that these
two metastasis-associated IncRNAs were expressed at significantly
higher levels in GC tissues than in corresponding adjacent normal
mucosa. Moreover, elevated expression of these IncRNAs correlated
significantly with peritoneal metastasis in GCs. These results were
consistent with our hypothesis and previous studies in various other
type of cancer; however, logistic regression analysis of our study illus-
trated that high levels of HOTAIR in GC was an independent risk fac-
tor for peritoneal metastasis, whereas high expression of MALAT1 was
compromised by other factors. Furthermore, we showed that elevated
expression of HOTAIR was an independent prognostic factor in GC
patients. Although another recent study suggest that high expression
of HOTAIR is a predictor of poor prognosis in GC patients (40), this
previous research included a very small group of GCs and was unable
to determine the strong correlation of HOTAIR with prognosis and/or
peritoneal metastasis. Multivariate analysis in our study was clearly
illustrate that HOTAIR was the only independent marker for predicting
patient survival, and emerged as a strongest predictive marker for peri-
toneal metastasis in the same cohort of GC tissues as described previ-
ously (32). From the clinical standpoint, in spite of few advances made
for the treatment of peritoneal dissemination, this type of metastasis
remains the most frequent and life-threatening form in GC patients.
Moreover, it is difficult to diagnose the peritoneal metastasis because
individual peritoneal lesions are usually too small to be evaluated accu-
rately by using CT scans, and therefore availability of predictive bio-
markers for peritoneal metastasis is critical in the overall management
of patients with advanced GC. In this scenario, our data are significant
as these suggest that quantification of HOTAIR expression in primary
tumor might assist in risk stratification for GC patients that are at risk
for disease progression to peritoneal metastasis.

Our study establishes that high expression of HOTAIR is signifi-
cantly correlated with peritoneal metastasis, and more importantly,
there was a trend for its correlation with well-established disease pro-
gression factors such as the T-classification and lymph node metasta-
sis. These data suggest that HOTAIR is intimately involved in disease
progression, and could be a candidate for targeted therapy in GC. To
further understand the biological function of HOTAIR in GC progres-
sion, we investigated the ability of HOTAIR to modify malignant cel-
lular behaviors in cell lines through siRNA knockdown experiments.
This works demonstrates that silencing HOTAIR inhibits invasion
and migration in GC cells. Recent evidence suggests that knockdown
of HOTAIR suppressed the proliferation caused by Go/G1 cell cycle
arrest in various types of the cancer cells (37,41,42). These previous
reports combined with our present data suggest that HOTAIR plays
critical roles in the malignant potential in GC.

Interaction with extracellular matrix components activates intracel-
lular pro-survival signaling pathways while disruption of cell-matrix
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interactions induces apoptotic cell death, via ‘anoikis’ (34). Resistance
to anoikis enhances anchorage-independent growth during tumor dis-
semination and metastasis (35). In addition, recent reports suggest
that the acquisition of resistance to anoikis plays an important role
in peritoneal dissemination of gastric and ovarian cancer (32,43). In
this study, we discovered that knockdown of HOTAIR significantly
induced anoikis in vitro and inhibited the establishment of perito-
neal metastasis in vivo. Recently, Gupta et al. (28) demonstrated that
HOTAIR overexpression promoted anchorage-independent colony
growth in soft agar using breast cancer cell lines, Peritoneal metasta-
sis of GC occurs through a multi-step process consisting of invasion
into the serosa from intraluminal epithelial sites, detachment from the
primary tumor, movement into the peritoneal cavity, attachment to the
distant peritoneum and finally proliferation. There is a high degree
of consistency between the prior data and this study, which used dif-
ferent methods of HOTAIR alteration, all of which is consistent with
the results of our clinical study drawn from a large number of patient
samples. Collectively, this suggests that HOTAIR might be directly
involved in driving peritoneal metastasis, particularly in the mecha-
nisms involved in detachment from the primary tumor into the perito-
neal cavity, which may be a target for preventive therapeutics.

In conclusion, a systematic assessment of metastasis-associated
IncRNAs demonstrates novel evidence for the role of HOTAIR in the
clinical progression of GC. The present study highlights that HOTAIR
expression may serve as potentially important disease biomarker
for the identification of high-risk GC patients. Moreover, we have
data supporting a mechanistic role for HOTAIR in GC progression,
employing both in in vitro and in vivo studies. Therefore, we pro-
pose that this IncRNA could be useful clinically as a diagnostic and
prognostic indicator in GC patients, and might be a novel therapeutic
target for developing more robust and targeted therapeutic regimens.

Supplementary material

Supplementary Materials and methods, Table S1 and Figure S1 can be
found at http://carcin.oxfordjournals.org/
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