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Abstract
Background/Aims: Previous studies demonstrated that HOXCO9 acts as an oncogene in several
tumors. The aim of this study was to explore whether HOXC9 promotes gastric cancer (GC)
progression and elucidate the underlying molecular mechanisms. Methods: HOXC9 expression
in GC tissues and adjacent non-cancer tissues was detected by quantitative RT-PCR (gRT-
PCR) and immunohistochemistry. The functional effects of HOXC9 on proliferation, metastasis
and stem cell-like phenotype were evaluated by relevant experiments in GC cells. The effect
of miR-26a on HOXC9 was investigated by gain- and loss-of-function assays and luciferase
reporter assay. Nude mouse models were established to test the effect of miR-26a and HOXC9
on tumorigenesis and metastasis of GC cells in vivo. Results: Herein, we showed that HOXC9
was upregulated in GC tissues and associated with a poor prognosis. HOXC9 knockdown
inhibited the metastasis and stem cell-like phenotype of GC cells without significant effects on
cell proliferation. In addition, we identifed HOXC9 as a direct target of miR-26a. Restoration of
miR-26a in GC cells downregulated HOXC9 and reversed its promoting effect on metastasis
and self-renewal, whereas miR-26a silencing upregulated HOXC9. In vivo experiments showed
that HOXC9 knockdown suppressed tumorigenesis and lung metastasis of GC cells in nude
mice, and these effects were mimicked by restoration of miR-26a. Conclusion: The present
study demonstrates that HOXC9 promotes the metastasis and stem cell-like phenotype of GC
cells, and this phenomenon can be reversed by restoration of miR-26a.

© 2018 The Author(s)

Published by S. Karger AG, Basel

Introduction

Gastric cancer (GC) is the most common gastrointestinal cancer. Approximately 900, 000
new cases and 700, 000 deaths are reported in the world every year. Despite the existence
of comprehensive treatment based on surgery and chemotherapy, the 5-year survival rate of
GC patients remains below 40%. Recurrence and metastasis are the main factors leading to
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the poor prognosis of GC patients [1]. In the past few decades, molecular targeted therapy
has become an alternative therapeutic approach with the in-depth study of molecular
mechanism of tumor progression. For example, a monoclonal antibody against VEGFR2
called ramucirumab and a monoclonal antibody against HER2 called trastuzumab have been
used in the clinical treatment of GC [2, 3]. However, we are still far from identifying a radical
cure for GC. To develop new therapies for GC, it is necessary to further explore the molecular
mechanisms that regulate GC progression.

HOXC9 is a member of the homeobox (HOX) gene family, which contains a homologous
domain involved in embryonic development [4]. Recent studies suggest the crucial role of
HOXC9 in cancer progression. HOXCO is highly expressed in glioblastoma and associated with
a poor prognosis. HOXCO silencing activates DAPK1-Beclin1l pathway-induced autophagy in
glioblastoma cells, thereby suppressing the proliferation, metastasis, and tumorigenesis of
cancer cells [5]. CD133" glioblastoma cells are tumorigenic stem-like cells. Okamoto et al.
showed that HOXC9 is overexpressed in CD133* glioblastoma cells, suggesting that HOXC9
is involved in the acquisition of stem cell-like phenotype [6]. HOXCO is highly expressed in
breast cancer cells and promotes the switch from a proliferative to an invasive phenotype
[7]. However, the role of HOXC9 in GC has not been reported. We analyzed the differential
expression profiles of GC tissues and paracancerous tissues using three microarray
datasets obtained from the GEO database and found that the HOXC9 gene was significantly
upregulated in GC tissues compared with adjacent tissues. The logFC value was 3.92, 3.15,
and 4.81, respectively [8-10].

Members of the microRNA (miR)-26 family, including miR-26a and miR-26b, act as
tumor suppressor genes and are downregulated in esophageal squamous cancer and
hepatocellular carcinoma [11, 12]. A recent study reported that downregulation of miR-
26a in GC is indicative of poor prognosis, whereas restoration of miR-26a suppresses the
proliferation and metastasis of GC cells [13]. In the present study, the results of bioinformatics
analysis identified a conserved binding site for miR-26 (miR-26a/b) in the 3'-untranslated
region (3'-UTR) of HOXC9 mRNA4, indicating that miR-26 may have an inhibitory effect on
HOXC9. However, the interaction remains to be verified.

In the present study, we showed that HOXC9 was overexpressed in GC tissues and
promoted the metastasis and stem cell-like phenotype of GC cells. We demonstrated that
loss of miR-26a expression led to the upregulation of HOXC9. The present study is the first
to demonstrate the role of the miR-26a /HOXC9 axis in the malignant behaviors of GC cells.

Materials and Methods

Gene expression datasets and online survival analysis

Three human GC microarray datasets, GSE103236 (10 patients), GSE79973 (10 patients), and
GSE65801 (32 patients) were obtained from the Gene Expression Omnibus (GEO) database (http://
www.ncbi.nlm.nih.gov/geo) [14]. Paired GC and adjacent tissues were collected from 52 patients who had
undergone radical gastrectomy for GC and did not receive radiotherapy and chemotherapy before surgery.
The expression of HOXC9 in GC and matched adjacent tissues was analyzed by GEO2R. The prognostic effect
of HOXC9 mRNA in GC was assessed using an online database, Kaplan-Meier Plotter (http://kmplot.com/),
which contains gene expression data and survival information of 631 GC patients. Patient samples were
divided into a high expression group and a low expression group by auto select best cutoff, and the overall
survival (0S) and progression-free survival (PFS) were assessed by a Kaplan-Meier survival plot and the log
rank test [15].

Cells and GC specimens.

The human gastric cancer BGC823, MKN45, MKN28, and SGC7901 cell lines were obtained from the
Chinese Academy of Sciences Shanghai Cell Bank (Shanghai, China). HEK293 cell line was obtained from
the central laboratory of Chongqing Medical University. Cells were cultured in DMEM (Hyclone, Shanghai,
China) supplemented with 10% fetal bovine serum (FBS, PAN biotech, Germany) under a humidified
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atmosphere containing 5% CO2 at 37°C. 30 pairs of GC tissues and matched non-cancer tissues for gRT-PCR
were collected from GC patients admitted to the First Affiliated Hospital of Chongqing Medical University
in 2016. TNM staging was as follows: 8 cases of stage [, 10 cases of stage II, 9 cases of stage I, 3 cases
of stage IV. For immunohistochemistry analysis, another 95 pairs of GC tissues and matched non-cancer
tissues were collected from GC patients admitted to the same hospital between 2011 and 2012. TNM
staging was as follows: 30 cases of stage I, 30 cases of stage II, 30 cases of stage IlI, 5 cases of stage IV. All
patients did not undergo radiotherapy and chemotherapy before surgery. The use of human tissue samples
and experimental protocols were approved by the Medical Ethics Review Committee of the First Affiliated
Hospital of Chongqing Medical University and written informed consent was obtained from all patients.

Immunohistochemistry

Immunohistochemistry was performed on 4-pum-thick paraffin-embedded sections. Antigen retrieval
was performed using sodium citrate buffer (pH 6.0), and endogenous peroxidase was blocked with 3%
hydrogen peroxide. The slides were incubated with HOXC9 antibody (1:200, Invitrogen, USA ) at 4°C
overnight. The next day, the slides were incubated with secondary antibody at 37°C for 45 min. Five fields
were randomly selected under a light microscope to calculate the percentage of positively stained cells
among total cells. The staining range was scored as follows: 0 point, <5%; 1 point, 5%-25%; 2 points, 26%-
50%; 3 points, 51%-75%; and 4 points, >75%. The staining intensity was scored as follows: 0 point, no
staining; 1 point, light yellow; 2 points, brownish yellow; and 3 points, brown. The final score was the sum
of staining range and intensity. A final score of <3 points was considered as low expression and 24 points
was considered as high expression.

Lentiviral transduction

The miR-26a overexpression vector pLV-miR-26a-GFP, the miR-26a silencing vector pLV-anti-miR-
26a, the HOXCI silencing vector pLV-HOXC9-shRNA-GFP, and the negative control vector pLV-NC-GFP
were purchased from Hanbio technology (Shanghai, China). The HOXC9-shRNA sequence information was
obtained from SIGMA-ALDRICH (www.sigmaaldrich.com) and confirmed by DNAman software (https://
www.lynnon.com) to completely match the mRNA of HOXC9, with no binding sites with the downstream
genes E-cadherin, N-cadherin, Vimentin, MMP2, MMP9, Twist, Zeb1, Snail, Sox2, Sox4, and Oct4. The shRNA
sequences were as follows:

HOXC9-sh1:5’-CCGGGAATCGAAGGATGAAGATGAACTCGAGTTCATCTTCATCCTTCGATTCTTTTTTG-3’

HOXC9-sh2:5’-CCGGCCGGGTTCTCAATCTCACCGACTCGAGTCGGTGAGATTGAGAACCCGGTTTTT-3’

anti-miR-26a:5’-AGCCTATCCTGGATTACTTGAA-3’

NC sequence: 5’-TTCTCCGAACGTGTCACGTAA-3’

Cells were seeded at a density of 2 x 10°/ml in six-well plates. The lentiviruses and polybrene (5 pg/
ml) were added after cells had adhered to the plate. After 16 h, culture media were changed. The MOI values
of BGC823, MKN45, and MKN28 cells were 50, 30, and 30, respectively. Puromycin was added to the cells at
a final concentration of 2 pg/ml to select for stable expressing cell lines [16].

Luciferase reporter assay

The miR-26a mimics (5-TTCAAGTAATCCAGGATAGGCT-3’), dual-luciferase reporter vector, and
Lipofectamine 2000 reagent were purchased from Hanbio technology. The 3'-UTR of HOXC9 containing
the putative binding sites (5’-TACTTGA-3") was cloned downstream of the luciferase gene to construct a
wild-type plasmid (WT). The 3'-UTR containing mutated binding sites (5’-ATGAACT-3’) was cloned into the
luciferase gene to construct a mutant plasmid (MUT). HEK293 cells were cultured and co-transfected with
miR-26a mimics, the WT plasmid, or the MUT plasmid. After 24 h, both firefly and Renilla luciferase activity
were detected using a dual-luciferase reporter system (BeyotimeBio, Shanghai, China). The firefly luciferase
activity was normalized to the Renilla luciferase activity [17].

Quantitative RT-PCR (qRT-PCR)

Kits for qRT-PCR were purchased from TakaRa (Dalian,China). Primers were purchased from Sangon
Biotech (Shanghai, China). Total RNA was extracted using Trizol reagent. Reverse transcription and PCR
with SYBR Green for mRNA were performed as described previously [18]. The PCR primers for HOXC9 were
as follows: forward: 5’-AGACGCTGGAACTGGAGAAGGAG-3’ and reverse: 5’-GCCGCTCGGTGAGATTGAGAAC-3".
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For microRNAs (miRNAs), the stem-loop qRT-PCR was performed to detect the expression. The RT primers
were as follows:

miR-26a: 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGCCTA-3’

miR-26b: 5’-GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACACCTAT-3’

The reverse transcription conditions were as follows: 42°C for 15 min; 85°C for 5 sec.

The PCR primers for miRNAs were as follows:

miR-26a forward: 5-CGCGTTCAAGTAATCCAGGA-3’

reverse: 5-AGTGCAGGGTCCGAGGTATT-3’

miR-26b forward: 5’-GCGCGTTCAAGTAATTCAGG-3’

reverse: 5-AGTGCAGGGTCCGAGGTATT-3’

The PCR conditions were as follows: 95°C for 30 sec; 45 cycles of 95°C for 5 sec; 60°C for 30 sec in a
CFX96 real time PCR system (Bio-Rad, USA). GAPDH and U6 snRNA were used as endogenous controls for
mRNA and microRNA, respectively. The data were analyzed by the ACt [19].

Western blotting

Aliquots containing 25 pg of total protein were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis and transferred onto a polyvinylidene fluoride membrane [20]. Different primary
antibodies against HOXC9 (1:500, Invitrogen) , E-cadherin (1:1000, Cell Singalling, USA), N-cadherin
(1:1000, Cell Singalling), Vimentin (1:2000, Proteintech ,WU Han, China), MMP2 (1:500, Proteintech),
MMP7 (1:500, Proteintech), Twistl (1:500, Proteintech), Zeb1 (1:500, Proteintech), Snaill (1:1000,
Proteintech), SOX2 (1:1000, Santa Cruz, USA), SOX4 (1:1000, Abcam, USA), Oct4 (1:1000, Proteintech),
[-catenin (1:1000, Abcam), and GAPDH (1:2000, Proteintech) were added to the samples and incubated at
4°C overnight after non-specific binding was blocked with 5% w/v non-fat milk. Polyvinylidene fluoride
membranes were incubated with secondary antibody at 37°C for 2 h. GAPDH was used as the endogenous
control. Immunobands were detected using an enhanced chemiluminescence Kit (ECL, Shanghai, China) and
the signal intensity was measured by Fusion software (Vilber Lourmat, France) to calculate protein levels.
The relative expresson is expressed as the ratio of signal density of the target band to the signal density of
the endogenous control.

Immunofluorescence

Adherent cells or cell spheres were permeabilized with 0.25% Triton after fixing with 4%
paraformaldehyde for 20 min. Cells or spheres were incubated with different primary antibodies against
E-cadherin, N-cadherin, Vimentin, and HOXC9 at 4°C overnight. Cy3-conjugated secondary antibody was
incubated at room temperature for 45 min, followed by staining with DAPI for 10 min. Photographs were
acquired using a fluorescence microscope.

Transwell assays

Transwell migration and invasion assays were performed as described previously [21]. Briefly, BGC823
or MKN45 cells were seeded at a density of 1 x 105/ml in the upper chamber of a Transwell insert (8 pm
pore size) and cultured in 400 pl of medium supplemented with 5% FBS. The bottom chamber was filled
with 600 pl of medium supplemented with 10% FBS. After 36 h, metastatic cells were stained and counted
under a light microscope.

Cell Counting Kit-8 (CCK-8), colony-formation, and 5-ethynyl-2’-deoxyuridine (EdU) assays

For the CCK-8 assay, 2 x 10° cells/well were seeded into 96-well plates (100 pl/well) in quintuplicate,
and cultured under conventional conditions. The absorbance was measured at 450 nm after incubating with
10 pl CCK-8 reagent (BeyotimeBio, China) at 37°C for 1 h, and samples were assessed on days 0, 1, 2, and 3.
For the colony-formation assay, 500 cells/well were seeded into 24-well plates. After 12 days, cell colonies
were stained with crystal violet and counted [21]. For Edu staining, 2 x 103 cells/well were seeded into 96-
well plates and cultured for 24 h. Then, cells were incubated with 50 uM EdU for 2 h and DAPI for 15 min at
37°C. Photographs were acquired using a fluorescence microscope to calculate the proliferation rate.
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Sphere formation assay

Cells were seeded at a density of 5x103/flask into ultra-low attachment flasks and cultured with stem
cell medium. A total of 1.5 ml fresh medium was added every 2 days. After 10 days, the number of spheres
was counted. Stem cell medium included DMEM/F12 medium + 20 ng/ml bFGF + 10 ng/ml EGF + 2% B27
[22].

Flow cytometry

To detect the percentage of CD44*/EpCAM"* cells, cells were resuspended in 100 pul buffer. Then, 1 pl
of CD44-PE antibody and 0.625 pl of EpCAM-APC antibody were used to stain the antigens at 4°C. After
incubation for 20 min, cells were resuspended in 300 pl PBS and analyzed by flow cytometry.

Nude mouse models

The 4-week old nude mice were housed under SPF conditions at Chongqing Medical University. For
tumorigenesis assays, 5 x 10° cells were injected subcutaneously into the flanks of each mouse. The tumor
volume was calculated as LxS?/2 (L= the long side, S = the short side) every 3 days. After 30 days, the
mice were sacrificed and HOXC9 expression in tumor tissues was detected with immunohistochemistry.
For metastasis assays, 1 x 106 cells were injected into the tail veins. After 30 days, the lungs were removed
to count the number of nodules [23]. All procedures involving animals were performed in accordance with
the guidelines of the National Institutes of Health (NIH) regarding animal care (Department of Health and
Human Services, NIH Publication No. 86-23). The animal experimental protocols were approved by the
Medical Ethics Review Committee of the First Affiliated Hospital of Chongqing Medical University.

Statistical analysis

All experiments were repeated three times and the data were analyzed using SPSS 19.0. Student’s
t-test was used for comparisons between two groups. The paired t test was used to analyze the differences
of HOXC9 expression between GC tissues and matched tissues of 30 GC patients. The x2 test was used to
analyze the correlation between HOXC9 expression and clinicopathologic parameters. The Kaplan-Meier
was used for survival analysis. The correlation between miR-26a and HOXC9 expression was analyzed using
Spearman linear regression model. P<0.05 was considered statistically significant.

Results

HOXC9 acts as an oncogene that is increased in GC

To determine the expression pattern of HOXC9 in GC, three human GC microarray
datasets, namely GSE103236 (10 patients), GSE79973 (10 patients), and GSE65801 (32
patients), were obtained from the GEO database. GC tissues and matched non-cancer tissue
were available for the 52 patients, and all patients were diagnosed as primary gastric cancer
by postoperative pathological examination [8-10]. The difference in HOXC9 expression
between GC tissues and non-cancer tissues were investigated by GEO2R. In GSE103236 (10
patients), GSE79973 (10 patients), and GSE65801 (32 patients), HOXC9 was upregulated in
GC tissues by 15.3-, 11.3-, and 28.1-fold, respectively, compared with adjacent tissues in the
three datasets (data not shown).

Next, we used qRT-PCR to detect the expression of HOXC9 in 30 GC patients admitted
to our hospital and confirmed that HOXC9 mRNA expression was 6.2-fold higher in tumor
tissues than that in adjacent non-cancer tissues (Fig. 1A). Immunohistochemistry analysis
of another 95 GC samples from the same hospital also detected high HOXC9 expression
in 68/95 (71.6%) GC tissues and in 31/95 (32.6%) matched non-cancer tissues, with
average staining scores of 4.27 and 2.13, respectively. Further analysis revealed that HOXC9
expression was significantly higher in stage Il and IV patients than that in stage I and II
patients (5.18 vs. 3.3) (Fig. 1B and C). Increased HOXC9 was significantly correlated with
histological grade and TNM stage, but not with age, gender, tumor size, vascular invasion,
and distant metastasis (Table 1).
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Fig. 1. The expression pattern of HOXC9 in GC tissues. (A) The HOXC9 mRNA in GC and matched non-
cancer tissues was detected by qRT-PCR (left). The HOXC9 expression ratio of cancer to non-cancer tissues
is expressed as AACT (right) (n=30). (B) Representative immunohistochemistry staining of HOXC9 and
average score in GC and matched non-cancer tissues (n=95). (C) Representative HOXC9 staining and average
score of cancer tissues in stage | + Il and stage III + IV patients (n=95). (D) Analysis of the overall survival of
95 GC patients admitted to the First Affiliated Hospital of Chongqing Medical University according to HOXC9
immunohistochemistry scores. (E, F) Analysis of of overall survival (E) and progression-free survival (F) of
GC patients from the database Kaplan-Meier Plotter according to HOXC9 mRNA expression levels. *P<0.05;

**P<0.01.
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Table 1. Correlation between HOXCO9 and clinical parameters of GC patients
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were analyzed using sex 0.033  0.856
Kaplan-Meier curves in Female 33 9 24

b 95 GC tient Male 62 18 44
above pauents  pge (years) 0.246  0.62
according to the <60 35 11 24
immunohistochemistry =60 60 16 44
score. The 5'year Histological grade 7483  0.006**
survival rate was 33.8% Poorly differentiated 39 17 22
in patients with high Well differentiated 56 10 46

. Tumor size 0.891 0.345
HOXC9 expression and <Sem 49 16 33
55.6% in those with >5cm 46 11 35
: TNM stage 5.028 0.025*
low expression. The o2 16 18 28
mean survival time was 3+4 49 9 40
51.8 and 34.2 months, Vascular invasion 2.523 0.112
. . Absent 64 18 46
respgctn{ely (Fig. lD). Present 31 9 9
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revealed that similar to No 90 25 65
Yes 5 2 3

tumor size, TNM stage,
and distant metastasis,

HOXC9 upregulation . o _ _ o
was an independent Table . 2. Kaplan-Meler unnlzarlate survival ana-ly51s and multivariate
prognostic  factor for analysis of prognostic factors in GC for overall survival
overall survival (Table e Univariatpe analysis . Multiva;isa;ecalnalysis .
2). Information from the S o7 =
ex X

database Kaplan-Meier 4. P
Plotter also confirmed Histological grade 0.179 15 0.844-2.63 0.167
patients with high Tumor size <0.001** 2454 1.387-4.341 0.002%
HOXC9 . had TNM stage <0.001%* 2.082 1.103-3.929 0.024*

eXpreSSlon a Vascular invasion 0.084 0.996 0.544-1.823 0.989
shorter overall survival Distant metastasis <0.001* 4716 1.610-13.814 0.002*
(05) and progression HOXC9 expression 0.01* 2.248 1.0684 -4.734 0.033*

free  survival (PFS)

than those with low

expression (Fig. 1E and F). These results suggest that HOXC9 is upregulated in GC and
indicates a poor prognosis.

HOXC9 has no effect on the proliferation of GC cells

Loss of controlled cell proliferation is one of the important characteristics of cancer
cells. To determine whether HOXC9 promoted GC progression by affecting the regulation
of cell proliferation, the GC cell lines BGC823 and MKN45 were transduced with lentiviral
vector expressing HOXC9 shRNA to knock down HOXC9 (Fig. 2A). Compared with HOXC9-
sh1l, HOXC9-sh2 revealed a better knock-down effect on HOXC9 mRNA in BGC823 cells
(knockdown efficiency: 88.6% vs 68.7%) and MKN45 cells (knockdown efficiency: 76.8% vs
62.3%) (datanot shown), and it was therefore selected as the target sequence for subsequent
experiments. The CCK-8 growth curve showed no significant changes in the proliferation
of GC cells in response to HOXC9 silencing. The colony formation assay showed that the
colony-forming ability did not differ between the HOXC9 knockdown cell lines BGC823-sh
and MKN45-sh and negative control cells (NC) (Fig. 2B). Staining of proliferative cells with
Edu showed that HOXC9 knockdown had no effect on the proliferation index of BGC823 and
MKN45 cells (Fig. 2C). Taken together, these results suggested that HOXC9 has no effect on
the proliferation of GC cells.
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Fig. 2. The effect of HOXC9 on GC cell proliferation. (A) BGC823 and MKN45 cells were transduced with
lentiviral vector expressing HOXC9 shRNA (sh) and negative control shRNA (NC). Knockdown efficiency was
detected with qRT-PCR and western blotting. (B) The CCK-8 growth curve (higher) and colony-formation
assay (lower) were used to investigate the effect of HOXC9 knockdown on proliferation. (C) Cells were
seeded in 96-well plates and stained with EAU and DAPI. The proliferation index was calculated using EdU-
stained cell (red) number compared with DAPI-stained cell number (blue). n=3, **P<0.01 vs. BGC823-NC

group.

HOXC9 knockdown suppresses the metastasis of GC cells

The correlation between HOXC9 expression and GC TNM stage indicated that HOXC9
may play a role in the migration and invasion of GC cells. To verify this hypothesis, Transwell
assays were performed using BGC823 and MKN45 cells transduced with HOXC9-shRNA or
NC-shRNA. The results showed that HOXC9 silencing significantly reduced the numbers of
migrated and invaded BGC823 and MKN45 cells (Fig. 3A).

Matrix metalloproteinases (MMPs) play a crucial role in the degradation of extracellular
matrix proteins, thereby promoting cell metastasis. Assessment of MMP2 and MMP9
expression showed that MMP2 was significantly downregulated following HOXC9 knockdown
in BGC823 and MKN45 cells, whereas MMP9 expression did not change significantly. EMT
is a pivotal process for the acquisition of metastatic potential in cancer cells. We therefore
detected the expression of EMT markers with western blotting and immunofluorescence. The
expression of the mesenchymal markers N-cadherin and vimentin was significantly lower
in BGC823-sh cells than in BGC823-NC cells, whereas no changes in the expression of the
epithelial marker E-cadherin were observed. Silencing HOXC9 downregulated N-cadherin
and upregulated E-cadherin in MKN45 cells (Fig. 3B and C).

HOXC9 is required for GC cell stem cell-like phenotype

HOXC9 was previously shown to enhance the self-renewal and tumorigenesis of
glioma cells [5]. To investigate whether HOXC9 also promoted the stem cell-like phenotypic
acquisition of GC cells, we transduced BGC823 and MKN45 cells with lentiviral vector
expressing HOXC9-shRNA or NC-shRNA at a MOI of 50 and 30, respectively. Flow cytometry
was used to examine the percentage of CD44*/EpCAM"* GC cells, which were reported to
possess stem cell-like properties. The percentage of CD44*/EpCAM* cells in the BGC823-sh
group decreased from 35.6% to 10.6% and from 14.4% to 5.3% in the MKN45-sh group
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Fig. 3. HOXC9 knockdown suppresses the metastatic capacity of GC cells. BGC823 and MKN45 cells
transfected with HOXC9-shRNA (sh) or negative control shRNA (NC) vector were used in the following
experiments. (A) The metastatic capability was detected by Transwell migration and invasion assays. After
incubation for 36 h in plates with Transwell inserts, metastatic cells was stained and counted. (B) Five
metastasis associated molecules were detected by western blotting. GAPDH was used as the endogenous
control. (C) Immunofluorescence was performed to evaluate the expression of E-cadherin, N-cadherin, and
vimentin in GC cells. n=3, *P<0.05; **P<0.01 vs. NC group.

compared with the NC group (Fig. 4A). Nextthe effect of HOXC9 on self-renewal was
examined by sphere formation assays. 10 days later, the number of spheres decreased by
72% and 69.4% in BGC823 and MKN45 cells, respectively. Consistently, compared with the
control vector, transduction with HOXC9-sh vector also significantly decreased the size of
spheres in GC cells (Fig. 4A). These results confirmed the effect of HOXC9 on promoting stem
cell-like phenotype in GC cells.

Furthermore, the sphere formation assay was used to enrich cancer stem cells (CSCs) in
SGC7901 cells which have low HOXC9 expression, and the difference in HOXC9 expression
between differentiated GC cells and GC stem cells was examined using immunofluorescence
and western blotting. As shown in Fig. 4B and C, compared with adherent cells (SGC7901-A),
the HOXC9 protein expression level in SGC7901 spheres (SGC7901-S) were significantly
increased. These data indicated that HOXC9 is overexpressed in CSCs from GC compared
with non-CSCs, which further suggested that HOXC9 promotes GC stem cell-like properties.
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enriched by the sphere formation assay. The protein expression of adherent SGC7901 cells (SGC7901-A)
and SGC7901 spheres (SGC7901-S) were assessed using immunofluorescence and western blotting. n=3,
*P<0.05 vs. SGC7901-A group.

HOXC9 upregulates transcription factors to promote metastasis and stem cell-like

phenotype

To assess whether HOXC9 activates Wnt signaling, which plays a crucial role on
metastasis and self-renewal, we used western blotting and immunofluorescence to detect
the total expression and localization of (-catenin after HOXC9 knockdown. We found that
HOXCO silencing in BGC823 and MKN45 cells did not decrease 3-catenin total expression
and nuclear staining (Fig. 5A and B).

To further determine the mechanism by which HOXC9 promotes metastasis and stem
cell-like phenotype in GC, the expression of EMT-associated transcription factors (Twist1,
Snaill, and Zeb1) and stemness-associated transcription factors (SOX2, SOX4, and Oct4) was
assessed by western blotting in HOXC9 knockdown cells. HOXC9 silencing downregulated
Twistl, Zeb1, and SOX2 in BGC823 cells and downregulated Twist1, Snaill, and SOX2 in
MKN45 cells (Fig. 5C). These results indicated that HOXC9 may function through specific
transcription factors to promote metastasis and stem cell-like phenotype in GC cells.

miR-26a is a negative regulator of HOXC9

To examine the regulatory mechanisms underlying the upregulation of HOXC9 in GC,
candidate upstream miRNAs were predicted using three databases: TargetScan, miRanda, and
Microcosm. miR-26 (miR-26a/b), a tumor suppressor miRNA, was consistently predicted to
bind the 3’-UTR of HOXC9 mRNA (Fig. 6A). In view of the high conservation and low mirSVR
score, we speculated that the binding site is a functional site. The qRT-PCR results showed
that miR-26a expression was 5.2-fold lower in GC than in non-tumor tissues, whereas miR-
26b showed no significant difference (Fig. 6B). Contrary to the HOXC9 expression pattern,
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miR-26a expression in stage I1I and IV patients was 2.1 times lower than that in stage I and
I patients. Further analysis revealed an inverse correlation between miR-26a and HOXC9 at
the mRNA level (Fig. 6C).

Given that the BGC823 cell line has low miR-26a expression, whereas the MKN28 cell
line expresses high levels of miR-26a, we examined the regulatory effect of miR-26a on
HOXC9. Lentiviral vectors were used to stably restore or knock down miR-26ain BGC823 and
MKN28 cells. HOXC9 expression was decreased by 78.3% at the mRNA level and 65.3% at the
protein level in BGC823 cells after miR-26a restoration. Contrasting results were obtained
in MKN28 with miR-26a knockdown (Fig. 6D). The results of dual-luciferase reporter assay
showed that miR-26a greatly decreased the luciferase activity of the WT vector containing
the predicted binding sites but not the MUT vector containing mutated sites in HEK293 cells
compared with the NC group, which indicated that miR-26a can directly bind to the 3'-UTR
of HOXC9 mRNA (Fig. 6E). These data strongly indicated that miR-26a is a negative regulator
of HOXC9.
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Fig. 6. miR-26a is a negative regulator of HOXC9. (A) Predicted binding site between miR-26a/b and the
3’-UTR of HOXC9 mRNA. (B) miR-26a/b expression in cancer and matched non-cancer tissues was detected
with gRT-PCR (n=30). (C) miR-26a expression in stage I + Il and stage III + IV GC patients and its correlation
with HOXC9 mRNA were analyzed. Higher ACt values indicate lower expression. (D) BGC823 and MKN28
cells were transduced with miR-26a overexpression vector, knockdown vector (anti-miR-26a) or negative
control (miR-NC) vector. HOXC9 was detected using qRT-PCR and western blotting. (E) HEK293 cells were
cotransfected with wild-type (WT) or mutant plasmid (MUT) vectors and miR-26a mimics or negative
control (miR-NC). After 24 h, luciferase activity was detected using a dual-luciferase reporter system. n=3,
*P<0.05; **P<0.01 vs. NC group.
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Fig. 7. Restoration of miR-26a suppressed HOXC9 mediated malignant behaviors of GC cells. (A) The
metastatic capability of BGC823 (left) and MKN45 (right) cells transfected with miR-26a or negative control
(NC) vector was detected with Transwell assays. (B) The self-renewal was assessed with sphere formation
assay after miR-26a was restored in BGC823 (left) and MKN45 cells (right). n=3, *P<0.05; **P<0.01 vs. NC

group.

miR-26a restoration suppresses metastasis and stem cell-like phenotype through the miR-

26a/HOXC9 axis

The results showing that miR-26a targets HOXC9 mRNA and suppresses its expression
led us to investigate whether miR-26a can inhibit GC malignant behaviors through the
regulation of HOXC9. We used a lentiviral vector to stably restore miR-26a expression in
BGC823 and MKN45 cells (data not shown). Restoration of miR-26a expression in GC cells
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Fig. 8. In vivo assessment of the miR-26a/HOXC9 axis in tumorigenesis and metastasis of GC cells. (A)
BGC823 cells (5 x 10°) transfected with lentiviruses carrying negative control (NC) sequences, HOXC9 shRNA
(HOX-sh), or miR-26a were subcutaneously injected into nude mice. After 30 days, tumor samples were
collected, and the final volume was measured and analyzed. (B) Immunohistochemistry was performed to
analyze the protein expression of HOXC9. (C) BGC823-NC, BGC823-HOX-sh, and BGC823-miR-26a cells were
injected into the tail veins of mice. After 30 days, the lungs were removed to count the nodule number. n=3,
*P<0.05; **P<0.01.

decreased the metastatic capacity, as shown by Transwell assays (Fig. 7A). Sphere formation
assays revealed that forced miR-26a restoration suppressed the self-renewal of GC cells (Fig.
7B). Taken together, these data indicate that miR-26a may function as a tumor suppressor
gene and form a miR-26a/HOXC9 axis involved in GC metastasis and stem cell-like phenotype.

HOXC9 promotes tumorigenesis and metastasis of GC cells in vivo, and the effect is reversed

by miR-26a

Finally, we investigated the functional role of the miR-26a/HO0XC9 axis in tumorigenesis.
Three stable cell lines transfected with lentiviruses carrying NC sequences (BGC823-NC),
HOXC9 shRNA (BGC823-HOX-sh), or miR-26a (BGC823-miR-26a) were subcutaneously
injected into nude mice to examine the tumorigenic capacity. In the group injected with
BGC823-NC cells, all five mice (5/5) developed subcutaneous tumors, whereas two mice
(2/5) injected with BGC823-HOX-sh cells developed tumors. Although in vitro experiments
did not show the effect of HOXCO on the proliferation of GC cells, the tumors in the BGC823-
sh group were smaller than those in the BGC823-NC group. Tumors in the BGC823-miR-26a
group showed a lower formation rate and slower growth than those in the BGC823-NC group
(Fig. 8A). The results of immunohistochemistry showed that HOXCO protein expression was
significantly lower in the BGC823-HOX-sh and BGC823-miR-26a groups than in the BGC823-
NC group (Fig. 8B).

We performed intravenous injection through the tail vein with the same cells to
investigate the role of the miR-26a/HOXC9 axis on metastasis. After 6 weeks, there were
fewer lung metastatic nodules in the BGC823-HOX-sh and BGC823-miR-26a groups than
in the BGC823-NC group. The BGC823-miR-26a group exhibited weaker proliferative and
metastatic potentials than the BGC823-HOX-sh group (Fig. 8C).
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Discussion

The functional role of HOXC9 in GC has not been reported to date. Herein, we showed
that HOXCO acts as an oncogene and elucidated the involvement of the miR-26a/HO0XC9 axis
in GC.

The homeobox gene family (HOX) comprises four clusters: HOXA, HOXB, HOXC, and
HOXD. All HOX members contain a highly conserved sequence consisting of 180-183 bases.
The sequence encodes a polypeptide region called the homologous domain (homeodomain,
HD). HOXC9 is located in human chromosome 12q13.13. Previous studies provided evidence
that HOXC9 is involved in the progression of glioblastoma and breast cancer. In this study,
we confirmed that HOXC9 is upregulated in GC tissues compared with matched non-cancer
tissues, which was consistent with the expression profile obtained from three GEO data
sets including 54 GC patients. Specifically, HOXC9 expression was higher in stage Il and IV
patients than in early stage patients. Further analysis showed that HOXC9 upregulation in
GC tissues suggested that the tumor was poorly differentiated and associated with a late
TNM stage. The Kaplan-Meier curve combined with Cox analysis revealed that HOXC9
overexpression was correlated with a poor prognosis in GC patients.

The malignant characteristics of GC cells include aberrant proliferation, enhanced
angiogenesis, metastasis, and so on. Recently, stem cell-like phenotype, an unstable cell
phenotype, is also an important malignant behavior of cancer cells, leading to tumor
progression. To further explore the mechanism by which HOXC9 promoted GC progression,
we knocked down the expression of HOXC9 in GC cell lines using a lentiviral vector expressing
shRNA to determine the effect of HOXC9 on proliferation, metastasis, and stem cell-like
phenotype. Although the data showed no effect on cell proliferation, HOXC9 knockdown
inhibited invasion and reduced the self-renewal ability and the percentage of CD44*/EpCAM*
cells, which were considered to possess the properties of CSCs. This result is consistent with
the finding by Hur et al. that HOXC9 induces phenotypic switching between proliferation
and invasion in breast cancer cell and the finding by Xuan et al. that HOXC9 promotes self-
renewal of glioblastoma cells [5, 7].

The Wnt/B-cantenin pathway is closely related to EMT and self-renewal of GC cells [24].
Previous studies showed that certain transcription factors stabilize (3-catenin by modulating
APC or CK2 or by promoting 3-catenin nuclear translocation by direct binding to (3-catenin,
thereby enhancing the activity of the 3-catenin/TCF complex and Wnt pathway [25, 26]. In
the present study, we also explored whether HOXC9 can activate the Wnt pathway. However,
our results suggested that HOXC9 has no effect on the Wnt pathway. Multiple transcription
factors are involved in the regulation of tumor metastasis and stem cell-like phenotype.
The EMT-associated transcription factors Snail, ZEB, and Twist promote EMT by regulating
E-cadherin, N-cadherin, and Vimentin, thereby enhancing the metastatic ability of GC
cells. The stemness-associated transcription factors Oct4, SOX2, and SOX4 can regulate the
transcription of genes required for the maintenance of the self-renewal, thereby promoting
the stem cell-like characteristics of cancer cells. Here, we found that HOXC9 knockdown
suppressed the expression of the EMT-associated transcription factors Twist1, Snaill,
and Zeb1 and the expression of the stemness-associated transcription factor SOX2, which
indicates that HOXC9 facilitates the EMT and stem cell-like phenotype of GC cells through the
regulation of EMT/stemness-associated transcription factors.

miRNAs, as a type of non-coding RNAs, are involved in cellular processes such as
proliferation, apoptosis, and embryonic development [27]. miRNAs function as oncogenes
or tumor suppressor genes in cancer by modulating the translation and stability of target
mRNAs [28, 29]. We used bioinformatics methods to identify a conserved miR-26 binding site
in the 3'-UTR of HOXC9 mRNA. Since miR-26a, a miR-26 family member, was downregulated
in GC, we suspected that the loss of miR-26a expression leads to HOXC9 upregulation in GC
[12]. The present results suggest the presence of a miR-26a/H0XC9 axis in GC. To confirm
this hypothesis, miR-26a/b expression was detected. In contrast to the pattern of HOXC9
expression, miR-26a, but not miR-26b, was downregulated in GC tissues compared with
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non-cancer tissues. Furthermore, miR-26a expression was lower in patients with advanced
GC than in early-stage patients. Subsequent functional experiments demonstrated that
miR-26a can target the 3'-UTR of HOXC9 mRNA, promoting the degradation of HOXCO.
miR-26 inhibits proliferation and enhances chemosensitivity and apoptosis in esophageal
cancer and hepatocellular carcinoma. However, the function of miR-26a in GC has not been
reported to date. In view of the effect of HOXC9 on metastasis and stem cell-like phenotypic
acquisition, we examined whether miR-26a can also inhibit GC cell metastasis and stem cell-
like characteristics. miR-26a restoration reduced the number of migrated and invaded cells,
and decreased the self-renewal capacity of stem-like cells. These data confirmed that miR-
26a can inhibit HOXC9 mediated GC metastasis and stem cell-like phenotype of GC cells,
which indicates the presence of a miR-26a/H0OXC9 axis.

Finally, we assessed the functional role of the miR-26a/HOXC9 axis in nude mice.
Consistent with the in vitro experiments, HOXC9 knockdown inhibited tumorigenesis and
lung colonization of GC cells, and this effect was mimicked by miR-26a restoration. Although
HOXC9 had no effect on the proliferation of GC cells in vitro, experiments in vivo demonstrated
that HOXC9 knockdown inhibited the growth of xenografts. In the in vivo microenvironment,
CSCs are the source of tumor growth [30, 31]. We speculated that the reduction of CSCs
induced by HOXC9 knockdown in tumors resulted in decreased tumor proliferation. Although
miR-26a may exert its anti-cancer effect through the negative regulation of HOXC9, we found
that miR-26a restoration inhibited tumor proliferation and metastasis to a greater extent
than HOXC9 knockdown. One possible explanation is that the functional effects of miR-26a
on malignant behaviors may be executed through other targets. Theoretically, a microRNA
can target tens or hundreds of mRNAs. Therefore, the suppression of other targets such as
c-Myc or EZH2 may contribute to the anti-cancer effect of miR-26a in GC [11, 23].

Taken together, the present results indicated that HOXC9 promotes the metastasis
and stem cell-like phenotypic acquisition of GC cells through EMT or stemness-associated
transcription factors. In addition, loss of miR-26a may be a crucial factor leading to the
abnormal overexpression of HOXC9 in GC. Restoring miR-26a suppressed HOXC9 expression
in GC cells and reversed its tumor-promoting effect. The present study identified the role of
the miR-26a/HOXC9 axis in GC metastasis and stem cell-like phenotype and may provide a
potential therapeutic target for the treatment of GC.

Conclusion

In summary, our research demonstrated for the first time that HOXC9 acted as a driver
gene in GC metastasis and stem cell-like phenotype by regulating EMT and stemness-
associated transcription factors expression. In addition, we showed that miR-26a can inhibit
the promoting effect of metastasis and stem cell-like phenotype, suggesting the presence
of a miR-26a/HOXC9 axis in GC. These findings provide further insight into the cancer
biology of GC and suggest that miR-26a and HOXC9 are potential therapeutic targets for the
development of therapies for GC.
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