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Abstract

The cross-talk between epigenetics and miRNA expression plays an important role in human
tumorigenesis. Herein, the regulation and role of miR-196b-5p in gastric cancer was investigated.
Quantitative real-time RT-PCR (qPCR) demonstrated that miR-196b-5p is significantly
overexpressed in human gastric cancer tissues (P<0.01). In addition, it was determined that
HOXA10, a homeobox family member and host gene for miR-196b-5p, is overexpressed and
positively correlated with miR-196b-5p expression levels (P<0.001). Quantitative pyrosequencing
methylation analysis, demonstrated significantly lower levels of DNA methylation at the HOXA10
promoter in gastric cancer, as compared to non-neoplastic gastric mucosa specimens. 5-Aza-2’-
deoxycytidine treatment confirmed that demethylation of HOXA10 promoter induces the
expression of HOXA10 and miR-196b-5p in gastric cancer cell model systems. Using the Tff1-KO
mouse model of gastric neoplasia, hypo-methylation and overexpression of HOXA10 and
miR-196b-5p in gastric tumors was observed, as compared to normal gastric mucosa from Tff1-
WT mice. Mechanistically, reconstitution of TFF1 in human gastric cancer cells lead to an
increased HOXA10 promoter methylation with reduced expression of HOXA10 and miR-196b-5p.
Functionally, miR-196b-5p reconstitution promoted human gastric cancer cell proliferation and
invasion in vitro. In summary, the current data demonstrates overexpression of miR-196b-5p in
gastric cancer and suggests that TFF1 plays an important role in suppressing the expression of
miR-196b-5p by mediating DNA methylation of the HOXA10 promoter. Loss of TFF1 expression
may promote proliferation and invasion of gastric cancer cells through induction of promoter
hypo-methylation and expression of the HOXA10/miR-196b-5p axis.
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Introduction

Gastric cancer (GC) is the third leading cause of cancer-associated deaths in the world (1,2),
responsible for 723,000 deaths, 8.8% of the total cancer-related deaths worldwide (3).
Multiple genetic and epigenetic alternations are involved in gastric carcinogenesis, which
necessitate the investigation of the underlying molecular mechanisms. Studies of these
interactions allow identification of molecular biomarkers that can predict clinical prognoses
and improve existing therapeutic strategies in cancer patients (4).

Epigenetic alterations, including DNA methylation of CpG islands and post-translational
modifications of histones, are involved in the development of gastric cancer (5-7). DNA
methylation is a modification in which a methyl group is added to the cytosine residue at
SCarbon in a CpG dinucleotide (8). Promoter methylation is an important mechanism in
regulating gene expression, where hyper-methylation at promoters of tumor suppressor
genes is an important tumorigenic step (9,10). On the other hand, hypo-methylation is an
independent process where methyl groups are removed, leading to overexpression and
activation of genes that can promote tumorigenesis (11). Therefore, it is important to
understand the functional significance of the methylation status of gene promoters with
respect to the cellular context.

HOXAU10 is a member of the homeobox gene family which is well conserved during
evolution and participates in a number of biological processes (11). HOXA10 is expressed at
a high level in a subset of chronic myelogenous leukemia (CML) advanced phase/blast crisis
patients and is involved in the process of self-renewal (12). While constitutively expressed
HOXAZ10 reduces cell invasiveness by regulating P53 expression in human breast cancer
(13), its overexpression in ovarian cancer promotes epithelial mesenchymal transition
(EMT) (14). Studies in gastric cancer demonstrated that positive HOXA10 expression results
in significantly poorer patients’ prognoses than negative expression (4,15). Collectively,
these studies indicate that the functional outcome of HOXA10 expression is cell and context
dependent.

MicroRNAs (miRNAs) are small noncoding RNAs that inhibit gene expression through
post-transcriptional mechanisms (16). The molecular mechanisms regulating miRNA
expression include transcriptional regulation, including changes in the host gene expression,
methylation of the promoter of the host gene or miRNA, and post-transcriptional
mechanisms, including miRNA processing and stability (17). Emerging evidence shows that
dysregulation of miRNAs plays a vital role in many biological processes, including
proliferation, invasion and apoptosis (18). Hyper-methylation and reduced expression of
anti-tumorigenic miRNAs’ promoters are associated with cancer progression in colorectal
(19), chronic lymphocytic leukemia (20), cervical (21), breast (22), and gastric cancers
(17,23). On the other hand, hypo-methylation of pro-oncogenic miRNASs’ promoters have
been reported in hepatocellular carcinoma (24), pancreatic (25), and ERa positive breast
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cancers (26). In this study, we investigated the expression and molecular relationship
between HOXA10 and miR-196b-5p. We also determined the mechanisms that regulate
HOXA10 and miR-196b-5p axis and the biological outcome in gastric cancer.

Materials and Methods

Tissue samples

All de-identified gastric tissue samples were obtained following a written informed consent
in accordance with the guidelines of the National Institute of Health. The study using de-
identified tissue samples was approved by Vanderbilt University Institutional Review Board
(IRB# 110076). For DNA, mRNA, and miRNA analysis, 63 de-identified archival human
gastric tissue samples (38 non-tumor normal stomach and 25 gastric cancer samples) were
used. All adenocarcinomas were classified according to the recent guidelines of the
International Union Against Cancer (UICC) TNM classification system.

Cell culture and Reagents

Human gastric cancer cell lines AGS, SNU1, SNU16 and SNU601 purchased from ATCC
(American Type Culture Collection). MKN28 and MKNA45 cells were obtained from the
Riken Cell Bank (Tsukuba, Japan). AGS, SNU1, SNU16 and MKN45 were cultured in F-12
medium (GIBCO, Carlshad, California, USA) supplemented with 10% fetal bovine serum
(FBS, Invitrogen, Life technology) and 1% penicillin/streptomycin (GIBCO, Carlsbad,
California, USA). SNU601 and MKN28 were cultured in 1640 medium (GIBCO, Carlsbad,
California, USA), supplemented with 10% fetal bovine serum (FBS, Invitrogen, Life
technology) and 1% penicillin/streptomycin (GIBCO, Carlsbad, California, USA) at 37°C in
an atmosphere containing 5% CO2. All cell lines were ascertained to conform to the original
in vitro morphological characteristics and were authenticated by Genetica DNA Laboratories
using short tandem repeat (STR) profiling (Genetica DNA Laboratories, Burlington, NC).
Mycoplasma was tested and was negative in all cells using the q-PCR method (Thermo
Fisher Scientific, USA). De-methylation was induced with 5-Aza-2" Deoxycytidine (5-Aza)
(Selleckchem, Houston, TX, USA) treatment at a concentration of 5uM. Cells were
incubated for 72 hours with 5-Aza with replacement of the culture media with fresh media
containing 5-Aza every 24 hours.

Expression of TFF1 and miR-196b-5p in cell lines

For reconstitution of TFF1 in cancer cell models, AGS and SNU1 were transfected with the
mammalian expression plasmid, pTT5(27) in frame with full coding sequence of human
TFF1 gene or PTT5 empty vector with PolyJet (SignaGen, Rockville, USA) for 48 hours
(28). For transient overexpression of miR-196b-5p, AGS and SNU1 cells were transfected
with 30pmol miR-196b-5p mimic (Applied Biological Materials, ABM, Canada) with
LipoJet (SignaGen, Rockville, USA) following the manufacturer’s instructions. The
expression of TFF1 and miR-196b-5p was confirmed by quantitative real-time PCR (qRT-
PCR).
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Quantitative real-time PCR

Total RNA was prepared from cell lines by using the RNeasy Mini Kit (Qiagen, Valencia,
California, USA). Total RNA (1ug) was reverse-transcribed to miRNA cDNA using the
TagMan MicroRNA Reverse Transcription kit (Thermo Fisher Scientific, USA) and E. coli
Poly A polymerase (New England biolabs, MA, USA). The gRT-PCR was performed using
a Bio-Rad CFX Connect Real-time System (Bio-Rad), with the threshold cycle number
determined by Bio-Rad CFX manager software V.3.0. mMRNA expression was normalized to
HPRT (29) and miRNA expression was normalized to miR-16-5p (30,31). The following
primers were used for PCR analysis: miR-196b-5p

5 -TAGGTAGTTTCCTGTTGTTGGG-"3 (sense) and
5'-GCGAGCACAGAATTAATACGAC-"3 (anti-sense), miR-16-5p 5’-
TAGCAGCACGTAAATATTGGCG-"3 (sense), 5’ -GCGAGCACAGAATTAATACGAC-"3
(anti-sense), HOXA10 5"~ AGATATTGTCCTAAGTGTCAAGTCCTGA-"3 (sense),

5 -GCCATTTCGAGCAGTGGG-"3(anti-sense), TFF1

5 -GGTCCTGGTGTCCATGCTG-'3 (sense),

5 -ACAGCAGCCCTTATTTGCAC-"3(anti-sense).

DNA bisulfite treatment and quantitative pyrosequencing analysis

AGS and SNU1 cells were cultured with 5 uM 5-Aza, as described above. DNA was purified
by DNeasy Blood & Tissue kits (Qiagen, Valencia, California, USA). The DNA was
bisulfite converted using an EZ DNA Methylation Gold Kit (Zymo Research, Orange,
California, USA), according to the manufacturer’s protocol. Specific bisulfite PCR and
pyrosequencing primers were designed using the PSQ assay design software (Qiagen,
Valencia, California, USA) to analyze 138bp of HOXA10 promoter including six CpG
dinucleotides sites (-152, -150, -136, -131, -126, -117bp) from -199 to -61, relative to
transcription start site (TSS). The following primers were used: forward 5’ -Biotin-
GGGTGAGTTTTTTGGTTTATTAATATAGATTAT-'3, reverse 5'~ACCAAT
CCCCAACCAAAATTTC-"3, sequencing primer 5'~-CCACCACTCCCAATT-"3. A 20ng
aliquot of modified DNA was amplified by polymerase chain reaction (PCR) of the specific
promoter region using the Platinum PCR SuperMix High Fidelity Enzyme Mix (Invitrogen,
Carlsbad, CA USA). The PCR products were checked by gel electrophoresis to confirm the
size of the product and rule out the formation of primer dimers. The specific PCR products
were analyzed using a Biotage PyroMark MD System (Qiagen), according to the
manufacturer’s protocol, using PyroMark Gold Reagents (Qiagen, Valencia, California,
USA). Based on control normal samples and internal quality controls provided in the
software analysis, measurements of DNA with known methylation levels, we used 10% as a
cut-off value for identification of DNA hyper-methylation (32).

Transwell cell invasion assay

The invasion assays were performed with Transwell membranes (pore size, 8um, Corning,
Tokyo, Japan) coated with Matrigel™ matrix basement membrane (invasion assay). The
AGS and SNU1 (3x%10°) were suspended in the upper chamber of the Transwell inserts. The
medium of the upper chamber was serum-free F-12. F-12 containing 10% FBS was used as a
chemoattractant in the lower chamber. After incubation for 24 hours, the cells were washed
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with PBS twice. Cells in the upper chambers were removed with a cotton swab soaked in
PBS. Invading cells were fixed with 100% methanol and stained with 0.05% crystal violet
solution and in four randomly selected fields on the underside of the inserts were counted
under a light microscope. Data quantification and analysis were performed by ImageJ
software (https://imagej.nih.gov/ij/).

Cell proliferation assay

To assess cell proliferation, the Click-iT EAU Assay (Invitrogen, Carlsbad, CA, USA) was
performed in AGS and SNU1 following the manufacturer’s protocol. EdU (5-ethynyl-2’-
deoxyuridine) is a nucleoside analog of thymidine and is incorporated into DNA during
active DNA synthesis. AGS or SNUL1 cells were seeded in the 8-chamber plates at a density
of 3x10% per well. AGS or SNUL1 cells were transfected with miR-196b-5p mimic or control
for 48 hours followed by incubation of 1X EdU for 1 hour. The fractions of EdU-positive
cells (20 random fields at 20X) were determined using ImageJ software (https://
imagej.nih.gov/ij/).

Patients’ survival data analysis

Using Kaplan-Meier survival plots, we analyzed the HOXAZ10 relationship to overall
survival of 876 gastric cancer patients from 3 major cancer research centers including
“Berlin dataset” (published in GEO as GSE22377)(33), “Bethesda dataset” (published in
GEO as GSE14210)(34), “Melbourne dataset” (published in GEO as GSE51105)(35) and 4
different dataset (GSE15459, GSE29272, GSE62254 and GSE15459)(36) were analyzed
using online resource: http://kmplot.com/.

Statistical analyses

Results

All data was expressed as mean + standard deviation (SD) of three independent experiments.
Using the GraphPad Prism (GraphPad Software, San Diego, CA, USA), statistical
significance was analyzed by the Student’s t-test, Mann-Whitney test, one way ANOVA and
Pearson correlation coefficient. Differences with p values <0.05 were considered
significantly.

miR-196b-5p overexpression correlates with HOXA10 expression in human gastric cancer

To study the expression level and function of miR-196b-5p in human gastric cancer, the
expression of miR-196b-5p in gastric tissue samples was investigated by performing qRT-
PCR in 38 human non-tumor normal gastric (NG) tissue samples and 25 human gastric
cancer (GC) tissue samples. The data showed that miR-196b-5p was significantly
overexpressed in gastric cancer samples as compared to non-tumor normal gastric tissue
samples (Figure 1A, p<0.001). When using matched adjacent non-tumor normal and gastric
cancer tissues from the same patients, we again found that miR-196b-5p was significantly
overexpressed in the gastric cancer tissues (Figure 1B, p<0.01). Furthermore, gRT-PCR of
miR-196b-5p expression showed high expression levels in several gastric cancer cell lines,
as compared to normal gastric tissues (Figure 1C, p<0.05). Gastric cancer tissue samples and
cell lines displayed similar results, as compared to normal tissue samples (Supplementary
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Figure 1A, p<0.001). In human, miR-196b-5p is located at chromosome band 7p15.2
(Figure 1D) within the HOXA gene cluster between HOXA9 and HOXAL10 (37,38).
Therefore, we hypothesized that miR-196b-5p shares the same promoter with HOXA10. To
examine this possibility, we measured the expression of HOXA10. We found that HOXA10
mRNA was also significantly overexpressed in human gastric cancer tissue samples as
compared to non-tumor normal gastric tissue samples (Figure 1E, p<0.001). We also found
high expression of HOXAL10 in gastric cancer tissue samples and cell lines as compared to
normal gastric tissue samples (Supplementary Figure 1B, p<0.05). We also detected a
positive correlation between the expression levels of HOXA10 and miR-196b-5p in gastric
cancer tissue samples (Figure 1F, p<0.001). Using Kaplan-Meier survival plots for analysis
of survival data of 876 gastric cancer patients, we found that patients with high expression
levels of HOXAZ10 had significant poorer prognoses than low HOXA10 expression groups
(Figure 1G, p<0.001). Together, these results demonstrated that both miR-196b-5p and
HOXA10 were up-regulated in gastric cancer and may play a vital role in human gastric
carcinogenesis, patients’ prognosis, and clinical outcome.

HOXA10 promoter hypo-methylation mediates HOXA10 overexpression in gastric cancer

Epigenetic mechanisms such as DNA methylation are important mechanisms that control
gene expression. Although the overexpression of HOXA10 was previously reported in
gastric cancer studies, we investigated if its expression is dependent on the HOXA10
promoter methylation. To this end, we identified CpG sites within the promoter of HOXA10.
Our data indicated that there were more than 150 CpG sites within the HOXA10 promoter
region -250 to +50 relative to transcript start site (TSS) (Figure 2A). To investigate the effect
of DNA methylation on HOXA10 mRNA expression in gastric tissue samples,
pyrosequencing was used to quantitatively analyze the DNA methylation levels of six CpG
sites in the HOXA10 promoter regions in both human non-tumor normal gastric (n=20) and
gastric cancer tissue samples (n=19). Our analysis of the HOXAZ10 promoter spanned the
region from -117 to +33 relative to TSS. Figures 2B and 2C showed representative
pyrosequencing profiles of the HOXA10 promoter regions with the percentages of
methylation at each of the six CpG sites in non-tumor normal and gastric cancer tissues,
respectively. Quantification of the methylation levels in each group showed that there was
significant reduction in methylation levels of the HOXA10 promoter in gastric cancer tissues
compared to non-tumor normal tissues (Figure 2D, p<0.001). Our data from matched tissue
samples of non-tumor normal and gastric cancer tissues also showed significant decrease in
the HOXA10 promoter methylation levels in the gastric cancer samples (Figure 2E,
p<0.001). The HOXA10 promoter methylation profiles of the six CpG sites of four
representative matched samples are shown in Figure 2F. Taken together, these results
demonstrated the HOXAZ10 promoter hypo-methylation in human gastric cancer tissues.

5-Aza-2’ Deoxycytidine (5-Aza) treatment increases HOXA10 and miR-196b-5p expression
in human gastric cancer cells

To investigate the effect of HOXAL0 promoter methylation on HOXAL10 and miR-196b-5p
expression levels, SNU1 and AGS (gastric cancer cell lines) were treated with 5-Aza-2’
Deoxycytidine (5-Aza). Analysis of promoter methylation using pyrosequencing and
expression using qRT-PCR, following 5-Aza treatment, revealed significant reduction in the
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HOXAL10 promoter methylation and increase in the expression level of HOXA10 and
miR-196b-5p in AGS and SNUL1 cells (Figure 3). These results suggest that DNA
methylation plays an important role in regulating HOXAZ10 and miR-196b-5p expression
levels in gastric cancer cells.

Reconstitution of TFF1 decreases miR-196b-5p and HOXA10 expression in gastric cancer

cells

Our previous studies showed that TFF1 functions as a gastric tumor suppressor playing a
vital role in gastric carcinogenesis in vivo (39,40). An earlier study showed that TFF1
reconstitution reduced the expression of miR-504 in gastric cancer cells (28). In this study,
we found an increase in HOXA10 mRNA and miR-196b-5p in gastric cancer tissues
compared to non-tumor normal gastric tissues. Therefore, we sought to determine if loss of
TFF1 expression plays a role in regulating HOXA10 and miR-196b-5p expression in gastric
cancer. First, we confirmed TFF1 mRNA expression was significantly decreased in human
GC relative to non-tumor normal gastric tissues (Figure 4A, p<0.001). Next, in order to
examine miR-196b-5p expression in the absence of TFF1, we compared gastric tissues from
Tff1 wild-type and Tff1 knockout mice. Our data demonstrated a significant increase of
miR-196b-5p in Tff1 knockout mice gastric cancer tissue samples, as compared with normal
gastric tissues (Figure 4B, p<0.05). To investigate whether TFF1 could affect miR-196b-5p
and HOXA10 expression in human gastric cancer cells, TFF1 was transiently reconstituted
in AGS and SNUL. gRT-PCR was performed to confirm the TFF1 reconstitution in AGS
cells (Figure 4C, p<0.01). Our data demonstrated that both HOXA10 and miR-196b-5p
expression levels were significantly reduced upon reconstitution of TFF1 in AGS cells
(Figure 4D-E, p<0.05). Similar results were obtained in SNU1 cells (Figure 4F-H).
Together, these results suggest that TFF1 plays a role in down-regulating HOXA10 and
miR-196b-5p expression.

Reconstitution of TFF1 expression in gastric cancer cells decreases HOXA10 expression
through induction of promoter methylation

To study whether TFF1 regulates the expression of HOXA10 and miR-196b-5p through
HOXA10 promoter methylation, quantitative pyrosequencing was performed to determine
the methylation levels of the HOXA10 promoter in AGS and SNU1 cells with and without
TFF1 transient reconstitution. Pyrosequencing data indicated that TFF1 reconstitution
promoted HOXA10 promoter DNA methylation in AGS cells, as compared with control
cells (Figure 5A). The HOXA10 promoter methylation profiles of the six CpG sites in AGS
cells are shown in Figure 5B. The data from matched CpG sites also showed significant
increase in the HOXA10 promoter methylation levels after TFF1 reconstitution (Figure 5C
p<0.001). Similar results were obtained in SNUL1 cells (Figure 5D—F). These findings
suggest a novel role for TFF1 through the downregulation of miR-196b-5p and HOXA10
expression by enhancing promoter methylation.

Overexpression of miR-196b-5p promotes proliferation and invasion in gastric cancer cells

Recent studies in colorectal cancer demonstrated that miR-196b-5p expression promotes
migration and growth of metastases (41). Therefore, to determine the biological outcome of
miR-196b-5p overexpression in human gastric cancer, we investigated the influences of
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miR-196b-5p in gastric cancer cell proliferation and invasion. miR-196b-5p was transiently
overexpressed in AGS and SNUL cells by transfection of miR-196b-5p mimic or empty
vector control. The overexpression of miR-196b-5p, following overexpression, was validated
using qRT-PCR in the AGS and SNUL1 (Figure 6A and B, p<0.01), as compared to their
respective control cells. To investigate the function of miR-196b-5p in regulating cancer cell
proliferation, EAU assay was used to measure the percent of cells in the DNA synthesis
phase of the cell cycle. Figure 6C showed representative photomicrographs of control and
miR-196b-5p mimic AGS (upper panels) or SNU1 cells (lower panels) in S phase (green
signal). Quantification of the EdU positive cells revealed a significant increase in cellular
proliferation, following miR-196b-5p overexpressing AGS (Figure 6D, p<0.05) or SNU1
(Figure 6E, p<0.05) cells, compared to their control cells. Invasive ability was measured by
using the Transwell invasion assay with and without transient overexpression of
miR-196b-5p in AGS or SUNL cells. The upregulation of miR-196b-5p was confirmed in
both AGS and SNU1 miR-196b-5p overexpressing cells (Figure 6F and G, p<0.001). Figure
6H shows representative photomicrographs of cells which have invaded through the Matrigel
matrix to the lower chamber. Quantification of the invading cells revealed a significant
increase in invasion, following miR-196b-5p overexpression in AGS (Figure 61, p<0.05) or
SNU1 cells (Figure 6J, p<0.01), as compared to control cells. Taken together, our data
suggests that miR-196b-5p promotes cellular proliferation and invasion in gastric cancer.

Discussion

The aim of this study was to investigate the aberrant overexpression and oncogenic functions
of HOXA10 and miR-196b-5p in gastric cancer. HOXA10 deregulation has been
controversial showing overexpression in some malignancies, whereas reduced expression
was noted in others. Overexpression of miR-196b-5p was reported in endometrial cancer
(42), ovarian cancer (43), and pancreatic cancer (44). Conversely, its reduced expression was
noted in breast cancer (45,46). These discordant findings suggest that HOXA10 plays
different roles in human tumorigenesis in cellular and context-dependent manners. Our data
showed concordant overexpression of HOXA10 and miR-196b-5p in mouse and human
gastric cancers. We also found that promoter methylation of HOXAZ10, host gene of
miR-196b-5p, plays a role in regulating miR-196b-5p expression. Of note, we demonstrate,
for the first time, that TFF1, a frequently silenced tumor suppressor gene in gastric
carcinogenesis, plays an important role in regulating methylation of HOXA10 promoter and
suppressing expression of HOXA10 and miR-196b-5p.

The results demonstrated a positive correlation between HOXA10 mRNA and miR-196b-5p
expression levels in human gastric cancer tissue samples. miR-196b-5p overexpression has
been reported in gastrointestinal cancer types, such as pancreatic (47), colorectal (41), and
gastric (48). However, the molecular relationship between miR-196b-5p and HOXA10 is not
clear. A growing body of evidence suggests that epigenetic alterations are involved in the
initiation and progression of gastric cancer (5,7,49). DNA methylation in human cancers
provide insightful understanding of the aberrant methylation and subsequent gene silencing
that disturb signal pathways and contribute to the development of cancers (8,50). For
example, methylation of miR-342-3p and its host gene EVL correlated with low expression
of miR-342-3p and EVL in multiple myeloma (51). Similarly, epigenetic regulation of
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miR-486-5p and its host gene ANK1 was reported in non-small cell lung cancer (52). In the
present study, our findings not only demonstrate a positive correlation between the
expression of miR-196b-5p and HOXA10, but also suggest a common regulatory molecular
mechanism that involves promoter methylation of HOXA10 in gastric cancer. We found that
methylation levels of HOXAL0 are lower in gastric cancer tissues, as compared to normal
tissue samples, suggesting that DNA hypo-methylation as a potential mechanism that induce
overexpression of HOXA10 and miR-196b-5p in gastric cancer. This conclusion is
supported by results using a 5-Aza demethylation agent which reduced methylation of
HOXAU10 with a significant increase in the expression of HOXA10 and miR-196b-5p
expression.

We next investigated possible molecular mechanisms that promote HOXA10 promoter
methylation and miR-196b-5p aberrant expression in gastric cancer. Our findings that
HOXA10 and miR-196b-5p are overexpressed in the Tff1-KO mouse model of gastric
cancer raised a question of whether this is an outcome of a tumorigenic cascade or if TFF1
can play arole in their regulation. TFF1 is a gastric mucosa specific protein that plays an
essential role in protecting the gastric mucosa integrity (53,54). Loss of TFF1 promotes
gastric carcinogenesis in a gastric cancer mouse model (39,55). Several studies have shown
that TFF1 is an anti-tumorigenic protein that has tumor suppressive functions. For example,
TFF1 regulates gastric cancer cell apoptosis, proliferation, and cell viability by activating
p53 (56) and suppressing p-catenin (40), miR-504 (28), and NF-xB (39). Our results provide
an important additional insight where TFF1 reconstitution in gastric cancer cells enhanced
the HOXA10 promoter methylation with downregulation of both HOXA10 and
miR-196b-5p. This observation adds to the spectrum of TFF1 tumor suppressor functions in
gastric mucosa, given the pro-proliferative and invasive functions of HOXA10 and
miR-196b-5p. We acknowledge that detailed investigations are needed to elucidate the
mechanisms by which TFF1 alters methylation of HOXAZ10. Uncovering these epigenetic
mechanisms in future studies is likely to reveal several genes that are epigenetically
regulated by TFF1.

The association between HOXA10 expression and clinical outcome has not been consistent.
While some studies suggested that HOXA10 overexpression is associated with a better
prognosis (4), Lim and colleagues’ (15) findings indicate that HOXAZ10 functions as an
oncogene with poor clinical outcome. Our analysis of several large public data sets suggests
that the HOXA10 high expression levels denote a poor clinical outcome. Our findings that
miR-196b-5p, overexpressed and co-regulated by the HOXA10 promoter, promoting cellular
proliferation and invasion, are consistent with a pro-tumorigenic role for HOXA10 that is
associated with poor prognosis.

In summary, we report, for the first time, that TFF1 can play a role in epigenetic regulation
of HOXA10 and miR-196b-5p expression levels. Aberrant hypo-methylation and
overexpression of HOXA10 and miR-196-5p promote gastric cancer cell proliferation and
invasion. Further studies are needed to determine the mechanisms by which TFF1 promotes
DNA methylation and its impact on shaping the epigenome in gastric carcinogenesis.
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Refer to Web version on PubMed Central for supplementary material.
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Implications

This study indicates that loss of TFF1 promotes the aberrant overexpression of HOXA10
and miR-196b-5p by demethylation of the HOXA10 promoter, which provides a new
perspective of TFF1/HOXA10/miR-196b-5p functions in human gastric cancer.
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Figure 1. miR-196b-5p and HOXA10 mRNA are co-overexpressed in gastric cancer tissue
samplesand cell lines
(A) gRT-PCR data showing miR-196b-5p expression level in human gastric cancer (GC,

n=25) and non-tumor normal gastric (NG, n=38) tissue samples. The horizontal bar indicates
the median, Mann-Whitney test. (B) gRT-PCR results of miR-196b-5p expression in 17 pairs
of matched human NG and GC tissue samples. (C) gRT-PCR data of miR-196b-5p
expression in 4 human NG samples and 6 human gastric cancer cell lines. (D) miR-196b-5p,
HOXA9 and HOXA10 gene location on human chromosome 7. (E) qRT-PCR data of
HOXA10 expression in human gastric cancer (GC, n=24) and non-tumor normal gastric
(NG, n=19) tissue samples. (F) Pearson correlation coefficient analysis of miR-196b-5p and
HOXAZ10 mRNA expression in human gastric cancer tissue samples (n=27). (G) Kaplan-
Meier analysis of HOXA10 related overall survival of 876 human gastric cancer patients.
**p<0.01, ***p<0.001.
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Figure 2. HOXA10 promoter ishypo-methylated in human GC samples

(A) A schematic drawing shows CpG sites in HOXAL0 gene promoter and pyrosequencing
assay location. Each vertical bar represents a CpG site. TSS, transcription start site. (B) and
(C) DNA methylation level of 6 CpG sites in the HOXAL0 promoter were quantified by
pyrosequencing. Representative pyrosequencing profiles of NG and GC samples are shown.
(D) Quantification data of HOXA10 promoter methylation levels in 20 NG and 19 GC
samples. The box-and-whisker plots are used to demonstrate the data. The lower and the
upper edges of the box mark the 25th and 75th percentile, respectively. The areas between
the box and the whisker extend to the 10th and 90th percentile. (E) HOXA10 promoter
methylation level in 17 pairs of matched normal and gastric cancer samples. (F) A schematic
profile shows HOXA10 promoter methylation level of 6 CpG sites in 4 pairs of matched

representative patient samples. ***p<0.001.
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Figure 3. HOXA10 mRNA and miR-196b-5p are induced by DNA demethylation in gastric
cancer cells

SNU1 and AGS cells that express low-mid range levels of HOXA10 and miR-196b-5p were
used for treatment with 5-Aza. (A) Pyrosequencing shows HOXA10 promoter methylation
level with and without 5-Aza treatment in SNUL1 cells. (B) and (C) qRT-PCR data of
HOXA10 mRNA and miR-196b-5p expression with and without 5-Aza treatment in SNU1
cells. (D) Pyrosequencing shows HOXA10 promoter methylation level with and without 5-
Aza treatment in AGS. (E) and (F) gRT-PCR of HOXA10 mRNA and miR-196b-5p
expression with and without 5-Aza treatment in AGS. *p<0.05, **p<0.01, ***p<0.001.
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Figure 4. TFF1 reconstitution decreases HOXA10 and miR-196b-5p expression in gastric cancer
cells
(A) gRT-PCR analysis of TFF1 mRNA expression in human non-tumor normal (NG) and

gastric cancer (GC) tissue samples. (B) gRT-PCR analysis of miR-196b-5p expression level
in wild type normal (NG) or 7771 knockout mice gastric cancer (GC) tissue samples. qRT-
PCR data of (C) TFF1, (D) HOXA10 and (E) miR-196b-5p in AGS control or TFF1
transiently transfected cells. (F to H) Similar results in SNU1 cells as in C to E. *p<0.05,
**p<0.01, ***p<0.001.
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Figure 5. TFF1 reconstitution induces HOXA10 promoter methylation
(A) Representative pyrosequencing profile of HOXA10 promoter CpG sites in AGS control

(empty vector) or following transient transfection with TFF1. (B) A schematic drawing
shows HOXA10 promoter methylation of 6 CpG sites in AGS cells, as in A. (C)
Quantification data of B. (D to F) similar results were obtained in SNU1 cells, as in A to C.
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Figure 6. Reconstitution of miR-196b-5p promotes gastric cancer proliferation and invasion
(A) and (B) gRT-PCR data of miR-196b-5p expression levels in AGS and SNUL1 cells

transfected with control or miR-196b-5p mimic. (C) EdU assay shows proliferating cells in
AGS (upper panels) or SUN1 (lower panels) cells as in A and B. Green fluorescence
staining indicates proliferating EdU positive cells. Blue staining represents a counterstain
with DAPI for cell nucleus. (D) and (E) Quantification data of C. (F) and (G) demonstrate
gRT-PCR data of miR-196b-5p expression levels in AGS and SNU1 cells transfected with
control or miR-196b-5p mimic. (H) Transwell invasion assay in AGS and SNU1 cells as in F
and G. (1) and (J) Quantification data of H. *p<0.05, **p<0.01, ***p<0.001.
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