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Abstract

 Objective—Intestinal metaplasia and spasmolytic polypeptide-expressing metaplasia (SPEM) 

are considered neoplastic precursors of gastric adenocarcinoma and are both marked by gene 

expression alterations in comparison to normal stomach. Since miRNAs are important regulators 

of gene expression, we sought to investigate the role of miRNAs on the development of stomach 

metaplasias.

 Design—We performed miRNA profiling using a qRT-PCR approach on laser capture 

microdissected human intestinal metaplasia and SPEM. Data integration of the miRNA profile 

with a previous mRNA profile from the same samples was performed to detect potential miRNA-

mRNA regulatory circuits. Transfection of gastric cancer cell lines with selected miRNA mimics 

and inhibitors was used to evaluate their effects on the expression of putative targets and additional 

metaplasia markers.
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 Results—We identified several genes as potential targets of miRNAs altered during metaplasia 

progression. We showed evidence that HNF4γ (upregulated in intestinal metaplasia) is targeted by 

miR-30 and that miR-194 targets a known co-regulator of HNF4 activity, NR2F2 (downregulated 

in intestinal metaplasia). Intestinal metaplasia markers such as VIL1, TFF2 and TFF3 were down-

regulated after overexpression of miR-30a in a HNF4γ-dependent manner. In addition, 

overexpression of HNF4γ was sufficient to induce the expression of VIL1 and this effect was 

potentiated by down-regulation of NR2F2.

 Conclusion—The interplay of the two transcription factors HNF4γ and NR2F2 and their 

coordinate regulation by miR-30 and miR-194, respectively, represent a miRNA to transcription 

factor network responsible for the expression of intestinal transcripts in stomach cell lineages 

during the development of intestinal metaplasia.
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 Introduction

Gastric cancer development is preceded by a series of alterations affecting the gastric 

mucosa cell lineages. Those changes are usually triggered by Helicobacter pylori infection, 

which leads to a chronic inflammatory response and subsequent oxyntic atrophy (loss of 

acid-secreting parietal cells). In the stomach corpus, parietal cell loss results in two types of 

metaplasia: intestinal metaplasia (IM), characterized by the presence of cells with intestinal 

morphologies, and spasmolytic polypeptide-expressing metaplasia (SPEM), which shows 

morphological characteristics of the deep antral glands and expresses trefoil factor 2 

(spasmolytic polypeptide) (for review see1–3). Both types of metaplasia are highly associated 

with intestinal-type gastric cancer4, 5 and are considered neoplastic precursors, although the 

mechanisms driving the progression from metaplasia to neoplasia remain unclear. SPEM 

originates from the transdifferentiation of mature chief cells in animal models.6 Other 

studies in animal models indicate that after parietal cell loss, SPEM is the first metaplastic 

lesion to evolve, whereas intestinal metaplasia will develop from SPEM.7, 8 In humans, there 

is also evidence suggesting that SPEM progresses to intestinal metaplasia.9–11 The type, 

extent and location of intestinal metaplasia are also important for risk stratification: 

extensive metaplasia, usually correlated with the incomplete type of intestinal metaplasia, is 

associated with increased risk for gastric cancer.12, 13 In previous work, our group compared 

the mRNA profiles of the normal chief cells with those from both SPEM and IM lineages 

and identified several important expression markers for human metaplasias. Some of those 

markers, including MUC13 and CDH17, also demonstrated prognostic value for patients 

with stage I gastric cancer.14 Both metaplasia and cancer development are marked by global 

gene expression alterations. One important class of gene expression regulators is represented 

by microRNAs (miRNAs), which are small noncoding RNAs involved in the post-

transcriptional regulation of gene expression. They target the 3′untranslated region of mRNA 

transcripts and down-regulate gene expression by either inducing mRNA degradation or 

translational repression.15 Aberrant expression of miRNAs has been reported during cancer 

development and progression, where they regulate proliferation, differentiation, apoptosis 
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and metastatic competence.16 However, the role of miRNAs during metaplasia development 

in the stomach is poorly characterized.

We sought here to investigate the influence of miRNAs on the establishment of the 

metaplasia expression profiles. We performed miRNA profiling on laser capture 

microdissected human SPEM and intestinal metaplasia lesions from human samples 

overlapping those previously used for the mRNA profiling. We identified a strong 

association of mRNA transcript levels and changes in miRNAs. In addition, we were able to 

discern potential miRNA-mRNA regulatory circuits and we validated the influence of 

miR-30 down-regulation and miR-194 up-regulation on the expression of specific metaplasia 

markers through regulation of the transcription factors HNF4γ and NR2F2. These results 

indicate that miRNAs can regulate cascades of gene expression that influence the 

development of pre-neoplastic metaplastic lineages.

 Methods

 miRNA tissue profiling

Areas corresponding to SPEM and intestinal metaplasia lesions (five cases each) were 

microdissected from 10 μm sections of frozen biopsies from gastric resections of intestinal 

type tumors in the gastric body. Based on hematoxylin and eosin staining of an adjacent 

section, the areas corresponding to the metaplasias were microdissected by laser capture 

using a Veritas Microdissection System (Molecular Devices, Sunnyvale, CA). SPEM lesions 

were also confirmed by TFF2 staining (Supplemental Figure 1). As a control group, chief 

cells were microdissected from the normal fundic mucosa of non-gastric cancer patient 

biopsies with no evidence of atrophic gastritis, intestinal metaplasia, SPEM or 

adenocarcinoma. All samples were obtained from the Department of Surgery at Seoul 

National University Hospital (SNUH) from July 2007 to July 2008. The study protocol was 

approved by the institutional review board (IRB) at SNUH, with written informed consent 

provided by all patients. Use of the deidentified material was also approved by the 

Vanderbilt IRB.

Total RNA was extracted from microdissected samples using a miRVana miRNA Isolation 

Kit (Ambion), which preserves the small RNA fraction. MicroRNA expression was 

determined by Real Time PCR using TaqMan MicroRNA Arrays (Applied Biosystems). 

Expression data were analyzed by the comparative Ct (2−ΔΔCt) method using the software 

DataAssist v2.0 (Applied Biosystems). Group fold changes and statistical analysis 

(Student’s t-test for pairwise comparisons with control group) were also performed using 

DataAssist.

 miRNA-mRNA data integration analysis and promoter analysis

For the integration analysis we used the software MAGIA2. TargetScan and Diana micro-T 

miRNA were used for target prediction in combination with a direct integration of our 

miRNA and a previous mRNA expression14 database using a non-parametric measurement 

(Spearman) of the correlation. The tables containing the top interactions for each group of 
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differentially expressed miRNAs (r > 0.55) were used for the construction of a bipartite 

network using the platform Cytoscape.17

Analysis of the enrichment of transcription factor binding sites among the genes previously 

found up-regulated in stomach metaplasia14 was performed using the Webgestalt package 

(http://bioinfo.vanderbilt.edu/webgestalt/). For a more extensive analysis searching 

specifically for HNF4 binding elements, 1 kb regions upstream the transcription start site 

(defined by RefSeq transcripts) of all genes up-regulated in metaplasia were retrieved from 

Genome Browser (http://genome.ucsc.edu/) and analyzed using the software MATCH 

(http://www.gene-regulation.com/cgi-bin/pub/programs/match/bin/match.cgi).

 qRT-PCR for miRNA expression validation and for miRNA target transcripts

Total RNA was extracted from fresh cell cultures or stomach tissue (frozen or RNAlater 

preserved) using TRIzol (Invitrogen, Carlsbad, CA). Normal stomach samples were obtained 

from Vanderbilt University Hospital from organ donor patients. Metaplasia samples from 

gastric resections were obtained from the Cooperative Human Tissue Network, Western 

Division at Vanderbilt University Medical Center (Western CHTN) or the Department of 

Surgery at Seoul National University Hospital (SNUH). cDNA was prepared using High 

Capacity cDNA Reverse Transcription Kit (Applied Biosystems) and qPCR was performed 

using the primers listed on Supplemental Table 1 and Express SYBR GreenER qPCR Super 

Mix (Invitrogen, Carlsbad, CA), in an ABI StepOne Real Time PCR System (Applied 

Biosystems, Foster City, CA). Each sample was measured in triplicate. miRNA expression 

was analyzed using using TaqMan miRNA assays in an ABI StepOne Real Time PCR 

System.

 Immunostaining

Human stomach sections were deparaffinized and submitted to antigen retrieval by hot 

steaming in the Target Retrieval solution (Dako North America, Inc., Carpinteria, CA). Cells 

grown on coverslips were fixed in 4% paraformaldehyde and then permeabilized by 

incubation in 0.3% Triton X-100 for 15 minutes at room temperature. Blocking for tissue 

section was performed during 1 h at RT in the serum-free protein blocking solution (Dako 

North America, Inc., Carpinteria, CA). Blocking for cells was performed during 1 h at room 

temperature in 10% donkey normal serum. The primary antibody incubation was performed 

in a humid chamber overnight at 4°C. Primary antibodies used were: 1) Mouse anti-HNF4γ 

(R&D Systems), at the concentration 1:1000 for tissue sections and 1:500 for cells; 2) 

Mouse anti-NR2F2 (Abcam), at the concentration of 1:500 and 3) Rabbit anti-MUC2 (Santa 

Cruz), at the concentration of 1:200. Appropriate secondary antibodies conjugated with 

Alexa 488, Cy3, or Cy5 were used (1h incubation at room temperature).

 Plasmid construction

A mCherry-HNF4γ construct was generated by cloning the coding region of HNF4γ, PCR 

amplified from H. felis-infected mouse stomach tissue cDNA, into a mCherry-C2 vector 

(Clontech). For generation of luciferase reporter constructs, the PCR amplified full-length 

3′UTR regions of both HNF4γ and NR2F2 or 64-mer oligonucleotides corresponding to 

regions containing the putative binding sites for miR-30 or mir-194 (in wild type and 
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mutated versions) were cloned downstream of the Firefly luciferase gene of the pmirGLO 

Dual-Luciferase miRNA Target Expression Vector (Promega). The vector also contains a 

Renilla luciferase gene, whose activity was used for the normalization of the Firefly 

luciferase signal.

 Cell culture and transfections

Human gastric cancer cell lines (KATO III, MKN7 and MKN28) and HEK-293T cells were 

maintained in DMEM media supplemented with 10% FBS and antibiotics. Cells were 

transfected with 40 nM of miR-30a or miR-194 miRIDIAN miRNA mimics (Dharmacon, 

Pittsburgh, PA), 100 nM of miRCURY LNA™ microRNA miR-30 Family Inhibitor 

(Exiqon), or 10 nM of siRNA against HNF4γ or NR2F2 (Silence Select siRNA, Ambion, 

Life Technologies, CA) using the reverse transfection protocol of the Lipofectamine 

RNAiMax reagent, according manufacture’s instructions (Life Technologies, CA). For 

plasmid transfection, MKN28 cells (1 × 106 cells) were transfected with 2 μg of mCherry-

HNF4γ construct or mCherry empty vector as control using the Polyjet hard-to-transfect 

protocol (SignaGen Laboratories, Rockville, Maryland) and plated in six well plates. After 

24h cells were split 1:3 and plated in selection media containing G418 at 0.5 mg/ml.

 Luciferase reporter assay

For the luciferase assays, HEK-293T cells plated on 96-well plates (5,000 cells/well) 24h 

prior transfection were co-transfected with one of the luciferase reporter constructs (100 ng) 

and the appropriated miR mimics (100 nM) or a miR negative control using DharmaFECT 

Duo Transfection Reagent (GE Healtcare-Dharmacon Inc., Lafayette, CO), according to the 

manufacture’s instructions. Luciferase activity was determined using the Dual Luciferase 

Assay System (Promega). The assays were repeated twice and performed in triplicates each 

time.

 Results

 miRNA profile of metaplasias in the stomach

In a previous study, our group investigated the mRNA transcript profile of human SPEM and 

intestinal metaplasia in comparison with chief cells from normal stomach mucosa.14 Here 

we sought to expand the molecular characterization of stomach metaplasias and to build a 

regulatory network of the alterations during metaplasia progression, focusing especially on 

miRNAs targeting transcription factors, as this could imply an even broader effect for those 

miRNAs on the establishment of the metaplasia expression profile. For this, we performed a 

miRNA profile on laser-captured microdissected human stomach cell lineages (Figure 1A), 

using an overlapping group of samples as used for the transcriptional profile (four out of five 

for normal mucosa and three out of five for each of the SPEM and intestinal metaplasia 

groups). As in our previous investigations of mRNA transcript expression,14 we compared 

the miRNA expression patterns in metaplasias to expression in chief cells, because all of our 

recent results indicate that metaplasias are derived from transdifferentiation of chief cells.6 

We detected a total of 81 differentially expressed miRNAs (fold change ≥ 2.0) in metaplasias 

in comparison to normal chief cells. In SPEM, 28 miRNAs were up-regulated, whereas no 

significant down-regulation was detected. The highest number of differentially expressed 

Sousa et al. Page 5

Gut. Author manuscript; available in PMC 2017 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



miRNAs was observed in intestinal metaplasia, which showed 43 up-regulated (14 of which 

were also up-regulated in SPEM), and 24 down-regulated miRNAs (Figure 1B–C and 

Supplemental Tables 2–5). Using the software MAGIA2, we integrated our miRNA 

expression data with the previous mRNA data obtained from the similar patient samples14 

and the top interactions (negative correlation >0.55) were used to construct interaction 

networks using Cytoscape 3.0 (Figure 2).

The integration analysis revealed potential miRNA-mRNA regulatory networks operating 

during metaplasia progression. Since our previous studies of mRNA transcript profiling 

detected a smaller number of changes in SPEM than in intestinal metaplasia, the analysis of 

correlations with miRNA changes was less extensive. Four miRNAs up-regulated only in 

SPEM correlated inversely with six down-regulated mRNAs, including the transcription 

factor NFIC as a target of miR-150 (Figure 2A). These represent potential regulatory 

networks involved in the initiation of SPEM. Three of the miRNAs (miR-223, miR-150 and 

miR-218) have already been connected to gastric cancer, although in opposite ways 

(miR-22318 and miR-15019 as up-regulated in gastric cancer and miR-21820 as down-

regulated). Three of the miRNAs up-regulated in both SPEM and IM correlated with eight 

mRNAs found progressively down-regulated in these lesions, including the transcription 

factor FOXN3 (Figure 2B). All three miRNAs have previously been linked to gastric cancer, 

with reports showing miR-155 up-regulation21 and miR-503 down-regulation22 in gastric 

cancer and conflicting results for miR-10a. Interestingly, one of the predicted targets for 

miR-503 in our analysis, IGF1R, has previously been documented as a direct target which is 

down-regulated in gastric cancer cells22. For intestinal metaplasia, a much higher number of 

interactions between miRNAs and their putative targets were identified (Figure 2 C–D), 

including nodes with several members of a miRNA family putatively targeting a high 

number of transcripts. We therefore focused here a more detailed analysis on miRNA 

regulation of intestinal metaplasia.

Four members of the miR-30 family were found up-regulated in intestinal metaplasia and 

were connected to 18 transcripts down-regulated in this lesion, including the transcriptional 

factor HNF4γ. A bioinformatics analysis using the Webgestalt package and subsequently the 

software for transcription binding site search, MATCH, showed a significant enrichment for 

predicted transcriptional targets of HNF4 (HNF4α or HNF4γ) among the gene transcripts 

previously found up-regulated in intestinal metaplasia14 (Supplemental Table 6). In addition, 

a known co-regulator of HNF4 activity, NR2F2, was among the transcription factors down-

regulated in SPEM and intestinal metaplasia14 and was identified by our integration analysis 

as a putative target of miR-194, which was up-regulated in intestinal metaplasia (8-fold), but 

also showed a trend for increased expression in SPEM (1.9-fold). Thus we sought to 

investigate further the putative counter-regulation of HNF4γ and NR2F2 by their predicted 

regulatory miRNAs.

 Reciprocal expression of the transcriptions factors HNF4γ and NR2F2 and their putative 
regulatory miRNAs (mir-30 and mir-194) during metaplasia development

We first investigated the mRNA and protein expression levels for the transcription factors 

HNF4γ and NR2F2 and their putative regulatory miRs in an additional set of biopsied tissue 
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and also in gastric cancer cell lines. We confirmed that miR-30a and miR-30d were down-

regulated (Figure 3A and Supplemental Figure 2), whereas HNF4γ mRNA (Figure 3A) and 

protein (Figure 4A) were up-regulated in stomach samples containing intestinal metaplasia 

lesions. In addition, MKN28 cells, which express high levels of miR-30a and miR-30d (> 6-

fold higher in comparison to KATO III cells), expressed very low levels of HNF4γ mRNA 

and protein in comparison to KATO III cell lines (Figures 3B and 5A,B). NR2F2 and 

miR-194 were expressed in the opposite way, with NR2F2 mRNA and protein being down-

regulated in intestinal metaplasia areas in comparison to normal stomachs (Figures 3C and 

4B) and in KATO III cells in comparison with MKN7 and MKN28 (Figure 5C–D). In 

contrast, miR-194 was up-regulated in intestinal metaplasia (Figure 3D) and in MKN7 and 

MKN28 cells (Figure 3D). In spite of different expression levels between normal stomach 

and intestinal metaplasia for both mRNA and protein, both transcription factors showed 

detectable levels of mRNA in all tissues. However, by immunofluorescence, HNF4γ was 

only detected in intestinal metaplasia areas (Figure 4A) and NR2F2 is mostly detected in 

normal (Figure 4B) and SPEM areas (data not shown).

 miR-30 down-regulates HNF4γ, whereas miR-194 down-regulates NR2F2

We next sought to evaluate the effects of direct manipulation of miR-30a and miR-194 levels 

on their putative targets. After transfection with miR-30a mimics, the levels of both HNF4γ 

mRNA and protein decreased in KATO III cells (Figure 6A). On the other hand, when 

MKN28 cells were transfected with a miR-30 family inhibitor, we observed an increase in 

HNF4γ mRNA and protein (Figure 6B), although additional regulatory mechanisms for 

HNF4γ protein may be operating differentially between those two cell lines. In the public 

sequence databases, there is evidence for two spliced variants of HNF4γ, which would 

produce proteins with the predicted molecular masses of 44 kDa and 48 kDa. In KATO III 

cells, we detected one band lower and one slightly higher than 50kDa, compatible with the 

predicted protein sizes. However, we also detected a higher molecular weight band, which 

also was affected by the expression of miR-30a and may represent an unknown spliced 

variant or a post-translational modification of the HNF4γ protein. In MKN28 cells, up-

regulation of only one band higher than 50 kDa was observed after inhibition of miR-30 

family expression. In contrast, when we expressed a miR-194 mimics in MKN28 cells, 

NR2F2 mRNA and protein levels were down-regulated in comparison with cells expressing 

a miR negative control (Figure 6C).

In addition, we used a luciferase reporter assay to assess the direct effects of the miRs on 

their putative transcription factor targets. Expression of luciferase fused with either the full 

HNF4γ 3′UTR or a smaller region of HNF4γ 3′UTR containing a wild type binding site for 

miR-30 was repressed by a miR-30a mimic, whereas no inhibition was observed for a 

construct containing a small region of HNF4γ 3′UTR with a mutated miR-30 binding site 

(Figure 6D). Similar results were observed for NR2F2 and miR-194 (Figure 6E), supporting 

the notion that miR-30 directly targets HNF4γ, whereas miR-194 targets NR2F2.

 Putative transcriptional targets of HNF4γ are also affected by overexpression of miR-30

KATO III cells, which express higher levels of HNF4γ and lower levels of miR-30 members 

in comparison to MKN7 and MKN28 cells, are the only cell line among the three to 
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maintain the expression of several SPEM and intestinal metaplasia markers (Table 1).23 

Some of those markers, including TFF2, TFF3 and VIL1, have predicted HNF4 binding 

elements in their promoters (Supplemental Table 6), and are not predicted as direct targets of 

miR-30. We therefore investigated whether miR-30-mediated down-regulation of HNF4γ 

could affect the expression of those metaplasia markers. We transfected KATO III cells 

either with a miR-30a mimic or a siRNA against HNF4γ (Figure 7A) and evaluated the 

mRNA expression of the metaplasia markers 96 hours after transfection (Figure 7B). 

Expression of all three transcripts (TFF2, TFF3 and VIL1) decreased in KATO III cells 

transfected either with miR-30 mimics or an siRNA against HNF4γ (Figure 7B), indicating 

that the effect miR-30a overexpression on those metaplasia markers is likely through the 

down-regulation of HNF4γ. Expression of the metaplasia marker WFDC2/HE4, which is not 

a predicted target of miR-30a or HNF4γ, was not significantly affected in either of the 

transfected cells (Supplemental Figure 3A). Expression of B3GNT5, a putative direct target 

of miR-30 (Figure 2), but not of HNF4γ, was only decreased in KATO III cells transfected 

with a miR-30 mimics, but not in cells transfected with the siRNA against HNF4γ 

(Supplemental Figure 3B). Since CDX1 and CDX2 are critical factors for establishment of 

the intestinal phenotype, we also evaluated the effects of miR-30 or HNF4γ manipulations 

on their expression. CDX1 has a very low expression in KATO III cells (Ct > 35) and no 

change was observed after overexpression of miR-30 or knocking down of HNF4γ 

expression. However, significant decreases in the expression levels of CDX2 message were 

detected after overexpression of miR-30 (44% decrease) or knocking down of HNF4γ, (22% 

decrease) (Figure 7E). The miR-30 effect on CDX2 can be explained by the presence of a 

non-conserved recognition binding site (not detected in the integration analysis, which 

considered only highly conserved binding sites). The effect of HNF4γ is probably indirect, 

as no HNF4 element was predicted in the CDX2 promoter.

To confirm the effect of HNF4γ on its putative transcriptional targets, we then transfected 

MKN28 cells with an HNF4γ-expression construct (mCherry-HNF4γ) and stable cells lines 

expressing mCherry-HNF4γ or mCherry alone were established through antibiotic selection. 

Overexpression of HNF4γ in MKN28 cells was confirmed by qRT-PCR and western blot 

(Figure 8A). The correct nuclear localization of the mCherry-tagged HNF4γ protein was 

confirmed by immunocytochemistry (Figure 8B). MKN28 cells overexpressing HNF4γ 

regained the expression of VIL1 mRNA, but not of TFF2 or TFF3 messages (Figure 8D), 

indicating that while HNF4γ is necessary and sufficient to induce VIL1 expression, it is 

necessary, but not sufficient to induce TFF2 and TFF3 expression.

NR2F2 is a known co-regulator of several steroid receptor family members, including 

HNF4. It usually inhibits HNF4 transcriptional activation activity by competing for the same 

binding sites in the promoters of the target genes,24–26 although sometimes it can work 

synergistically with HNF4 to activate transcription.27, 28 We investigated if alterations on 

NR2F2 levels would affect the influence of HNF4γ on the expression of the metaplasia 

markers VIL1, TFF2 and TFF3. For this, we transfected the MKN28 stable cell line 

expressing the mCherry-HNF4γ construct with a siRNA against NR2F2. After we confirmed 

a highly efficient knockdown of NR2F2 by one of the two siRNA we tested (Figure 8C), we 

observed that a combination of overexpression of HNF4γ and knockdown of NR2F2 in 

MKN28 resulted in an even higher increase of VIL1 expression than that observed for the 
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cells only expressing the mCherry-HNF4γ fusion protein (Figure 8D). These findings 

support the concept that for at least one of the metaplasia markers evaluated, VIL1, HNF4γ 

acts as a transcriptional activator, whereas NR2F2 seems to act as a repressor.

 Discussion

Intestinal metaplasia is a well-established precursor for intestinal-type gastric cancer,2, 12 

and SPEM has gained increasing attention as a neoplastic precursor.29, 30 Our group has 

characterized the mRNA and protein expression profiles in metaplasia in both humans and 

animal models.11, 14, 31, 32 Several studies have reported mRNA and miRNA dysregulation 

in gastric cancer33–35 and Helicobacter pylori-induced gastritis.36–38 However, no previous 

studies have evaluated a systematic comparison of the miRNA profiles of SPEM and 

intestinal metaplasia. Here, we generated a miRNA profile of human SPEM and intestinal 

metaplasia compared to normal chief cells, the precursor cells of SPEM lesions. This 

analysis was initiated using a limited set of samples to analyze laser capture microdissected 

lineages. Thus, we have focused on the identification of alterations of a larger magnitude in 

these specific isolated cell lineages. Using an integrated miRNA-mRNA data analysis, 

putative targets for miRNAs differentially expressed in SPEM and intestinal metaplasia were 

detected, revealing potential miRNA-mRNA regulatory networking involved in metaplasia 

development. Although the number of connections detected in SPEM was low, they have the 

potential to represent earlier regulatory events in the cascade to gastric cancer, since most of 

their up-regulated miRNAs have been linked to gastric cancer. For this study, though, we 

focused on connections detected in intestinal metaplasia.

The development of intestinal metaplasia in the stomach is believed to recapitulate the 

intestine developmental process and intestine-specific transcription factors are up-regulated 

in stomach areas with intestinal metaplasia.39 CDX1 and CDX2 are critical transcription 

factors for intestinal patterning and, when ectopically expressed in the stomach, they are 

able to induce the appearance of intestinal metaplasia.40, 41 Although CDX1 and CDX2 are 

essential for intestine development and maintenance, other transcription factors cooperate to 

regulate the expression of intestinal genes.42 Therefore, it is likely that additional 

transcription factors are required for the establishment of the intestinal phenotype during the 

development of metaplasia in the stomach. We showed evidence here that two types of 

miRNAs (miR-30 family members and miR-194) differentially expressed during progression 

from normal stomach to metaplasia control the expression of two of those potential 

additional transcription factors, HNF4γ and NR2F2.

HNF4γ is the less characterized paralog of HNF4α, a member of the nuclear receptor class 

of transcription factors with important roles in liver, pancreas and intestine epithelial 

differentiation. HNF4α regulates the transcriptional profile of differentiated intestinal cells43 

and bioinformatics studies showed an over-representation of HNF4 binding sites in genes 

up-regulated during intestinal epithelium differentiation.44–46 HNF4γ is also highly 

expressed in intestine and kidney, but in contrast with HNF4α, it is not expressed in mouse 

liver.47 Although an exact role for HNF4γ in intestinal differentiation has not been 

identified, it is believed to share the same DNA binding capabilities as HNF4α and one 

study has suggested that a tightly regulated ratio of HNF4α/HNF4γ is important for the 
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spatial specification of the APOA-IV expression in the intestinal villus48. In addition, 

HNF4γ is one of the highly up-regulated transcription factors in the duodenum epithelium at 

the time of the compartmentalization between stomach and intestine during mouse gut 

development49. Although not essential for the determination of cell fate, HNF4 seems to 

play a role in controlling the terminal differentiation of the intestinal epithelium, probably 

downstream of transcription factors required for early intestinal patterning, such as CDX2 

and CDX1.

We showed that HNF4γ is upregulated, whereas miR-30 family members are down-

regulated in intestinal metaplasia in the stomach. MiR-30 negatively regulated HNF4γ levels 

in gastric cells and down-regulation of HNF4γ reduces the expression of two intestinal 

transcripts (VIL1 and TFF3) and a SPEM marker (TFF2). Expression of HNF4γ in the 

MKN28 gastric cell line was sufficient to induce VIL1 expression. VIL1 is a known 

transcriptional target of CDX2, although other factors are required for the CDX2-induced 

activation of VIL1 expression.50 We detected CDX2 expression in both KATO III (HNF4γ 

expression positive) and MKN28 (HNF4γ expression negative) cells. It is therefore possible 

that HNF4γ cooperates with CDX2 for the activation VIL1 expression. An interconnection 

between CDX2 and HNF4γ pathways is reinforced by the fact that CDX2 message 

expression was altered by either miR-30 overexpression or HNF4γ knock down.

For the expression of TFF3, also a previously described transcriptional target of CDX2, 

additional factors seem to be required, since the exogenous expression of HNF4γ in MKN28 

cells was not sufficient to induce TFF3 expression.

MiR-30 family members are considered tumor suppressor miRNAs, since they are down-

regulated in different types of cancer,51–54 including gastric cancer.55–57 A recent study 

showed that miR-30a is down-regulated in 78% of gastric cancer samples in comparison 

with normal surrounding tissue and is linked to loss of RUNX3 expression.56. The down-

regulation of at least one member, miR-30a, might be related to the down-regulation of 

RUNX3 also reported in metaplasias in the stomach.58 We suggest that miR-30 down-

regulation is an early event in the cascade from metaplasia to gastric cancer and that it 

contributes to the establishment of an intestinal expression profile through regulation of 

HNF4γ.

We also showed that NR2F2, a known co-regulator of HNF4, is down-regulated during 

metaplasia progression and is a direct target of miR-194, one of the miRNAs overexpressed 

in intestinal metaplasia. Previous studies showed that miR-194 is induced during intestinal 

epithelium differentiation and is transcriptionally regulated by HNF1α, one of the 

transcription factors implicated in the regulation of the intestinal expression pattern.59 

NR2F2 modifies HNF4 transcriptional activity either negatively or positively depending on 

the cell type and promoter context. It acts as a repressor of HNF4 activity on apolipoprotein 

gene promoters APOA1, APOA2, APOB, APOC324–26, and hepatic lipase.60 Conversely, 

NR2F2 works synergistically with HNF4 to activate the transcription of CYP7A128 and 

HNF1.27 Our data support the notion that in the stomach, NR2F2 interferes negatively with 

HNF4γ transactivation of metaplasia marker genes. Overexpression of HNF4γ in a cell line 

normally expressing NR2F2, restored VIL1 expression and the effect of HNF4γ activation of 
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VIL1 was significantly potentiated when NR2F2 levels were down-regulated. Our data 

support the notion that high levels of NR2F2 are important for the maintenance of the 

normal stomach expression pattern, whereas increasing the levels of HNF4γ and decreasing 

the levels of NR2F2 (probably initiated in SPEM) push the cells towards an intestinal-like 

phenotype. Thus, a tightly regulated balance of expression levels between HNF4γ and 

NR2F2 contributes to the regulation of the stomach cell lineage identities, and that balance 

between these two transcription factors is, at least in part, regulated by the miR-30 family 

and miR-194. It is possible that the influence of miR-194 on NR2F2 may be initiated in 

SPEM lesions, since a trend for alteration in their expression could already be noticed in 

SPEM samples (2-fold change for NR2F2 and 1.9 fold change for miR-194). It is interesting 

to note that two other co-repressors, NFIC and FOXN3, were identified as targets of up-

regulated miRNAs correlating with their progressive down-regulation in SPEM and 

intestinal metaplasia. This suggests that the down-regulation of co-repressors via miRNAs is 

a contributing event for the establishment of a new expression pattern that will reflect the 

transdifferentiation of stomach lineages during metaplasia development.

In conclusion, we have demonstrated that synergistic miRNA alterations are present in 

metaplastic lineages. Two of these alterations, the down-regulation of different members of 

miR-30 family and the upregulation of miR-194 likely contribute to the expression of 

intestinal transcripts that are characteristic of intestinal metaplasia through the regulation of 

HNF4γ and NR2F2. This network of two competing transcription factors and their 

regulatory miRNAs promotes the “intestinalization” of metaplastic stomach lineages. 

Therefore, miRNAs may act as coordinated regulators of the transcriptional phenotypes 

necessary for the evolution and progression metaplastic lineages in the stomach. While the 

present studies have focused on just two competing regulatory cascades, these investigations 

have identified a number of further possible interactions between miRNAs and mRNA 

transcript expression related to the induction of metaplasias that will require further 

explication in the future.
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Significance of this study

What is already known on this subject?

Gastric cancer is one of the leading causes of cancer-related death worldwide, making 

early diagnosis critical to increase patient survival rates.

SPEM and intestinal metaplasia in the stomach are considered preneoplastic lesions and 

are also marked by an altered expression profile in comparison to the normal stomach, 

although they are in general considered less heterogeneous than gastric cancer.

miRNAs are important regulators of gene expression and several alterations in miRNA 

expression have been described in gastric cancer, although miRNA alterations in stomach 

metaplasias are less characterized.

What are the new findings?

This is the first study showing a comprehensive integration of miRNA and mRNA 

profiles of two preneoplastic metaplasias, spasmolytic polypeptide-expressing metaplasia 

(SPEM) and intestinal metaplasia, in the stomach.

We present evidence that the expression levels of two transcription factors (HNF4γ and 

NR2F2) altered during progression from normal stomach to intestinal metaplasia are 

regulated by miR-30 and miR-194, respectively.

Our results also indicate for the first time that a regulated balance between the expression 

levels of HNF4γ and NR2F2 contributes to the development of intestinal metaplasia, 

through the coordinated upregulation of intestinal markers.

How might it impact on clinical practice in the foreseeable future?

Our study highlights miRNA alterations in stomach metaplasias that are potential early 

events in the cascade leading to development of gastric cancer. The identification of early 

miRNA alterations and the characterization of their molecular interactions in 

preneoplastic lesions have the potential to lead to the development of suitable biomarkers 

and therapeutic targets for early detection and treatment of gastric cancer.
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Figure 1. miRNA profiling of stomach metaplastic lineages
(A) Method schematics. SPEM and intestinal metaplasia lesions (five cases each) were 

microdissected from 10 μm sections of frozen biopsies from gastric resections of intestinal 

type tumors in the fundus. As a control comparison group, chief cells were microdissected 

from normal stomach mucosa. Total RNA was extracted using the mirVana kit (Applied 

Biosystems) and then, 60 ng of RNA from each sample were converted to cDNA and pre-

amplified using Megapool RT and pre-amplification primers (Applied Biosystems). 

MicroRNA expression was determined by Real Time PCR using TaqMan MicroRNA Arrays 
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(Applied Biosystems). (B) Venn diagram summarizing the overlap of miRNA changes, both 

up-regulated and down-regulated, in SPEM and intestinal metaplasia (IM). (C) Heat map of 

the expression profiles of microRNAs differentially expressed in the two types of 

metaplasias in the human stomach (intestinal metaplasia and SPEM) in comparison with 

normal chief cells.
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Figure 2. miRNA-mRNA regulatory networks in stomach metaplasias
The software MAGIA2 was used to compare our miRNA expression data with a previous 

mRNA data obtained from the same patient samples14 TargetScan and Diana micro-T 

miRNA were used for target prediction in combination with a direct integration of our 

miRNA and a previous mRNA expression data using a non-parametric measurement 

(Spearman) of the correlation indexes. The top 250 interactions (negative correlation 

>0.650) were used to construct an interaction network using Cytoscape 3.0. In A-C, 

Magenta circles represent miRNAs upregulated in the metaplasias, whereas blue rectangles 
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or hexagons (for transcription factors) represent protein-coding mRNAs down-regulated in 

metaplasia. Comparisons are shown for A. miRNAs up-regulated significantly in SPEM 

only, B. miRNAs significantly up-regulated in SPEM and intestinal metaplasia (IM) and C. 

miRNAs up-regulated in intestinal metaplasia. D. depicts miRNAs down-regulated in 

intestinal metaplasia with Blue circles representing miRNAs down-regulated in the IM, 

whereas magenta rectangles or hexagons (for transcription factors) represent protein-coding 

mRNAs upregulated in metaplasia.14
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Figure 3. Expression of two transcription factors, HNF4γ and NR2F2, and their putative 
regulatory miRNAs (miR-30a and miR-194) in stomach tissue samples and in gastric cancer cell 
lines
For HNF4γ (A,B, upper panels) and NR2F2 (C,D, upper panels), equal amounts of each 

cDNA were analyzed by real-time PCR using specific primers. TBP expression was used as 

an endogenous control for normalization. For miR-30a (A,B, lower panels) and miR-194 

(C,D, lower panels), cDNA reactions and qPCR were performed using TaqMan microRNA 

assays and U6 snRNA levels were measured as an endogenous control. Each sample was 

measured in three independent cDNA preparations and in triplicate during PCR. All values 

are shown as means ± SD. Pairwise comparisons were performed by Student’s t-test (* 

indicates P < 0.05). For comparisons with the tissue samples (A and C), each metaplasia 

sample was compared to the mean value of all three normal samples.
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Figure 4. HNF4γ and NR2F2 protein expression in gastric tissue
(A) Co-staining of HNF4γ (red) and MUC2 (green) in a section of human stomach 

displaying both normal and intestinal metaplasia areas. (B) Co-staining of NR2F2 (red) and 

MUC2 (green) in a section of human stomach displaying both normal and intestinal 

metaplasia areas. Bar = 50 μm.
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Figure 5. HNF4γ and NR2F2 protein expression in gastric cancer cell lines
Immunofluorescence using HNF4γ or NR2F2 specific antibodies (red) in the gastric cell 

lines KATO III and MKN28. A co-labeling with Alexa488-conjugated phaloidin and DAPI 

was performed for better visualization of cell and nuclear morphology. Images were taken 

under 40X objective in a Zeiss Axiophot microscope.
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Figure 6. miR-30 targets HNF4γ, whereas miR-194 targets NR2F2
Cells were transfected with a miR-30a mimic (A), a miR-30 family inhibitor (B) or a 

miR-194 mimic (C), and at 96 hours after transfection, cells were processed for RNA 

extraction and qRT-PCR for analysis of HNF4γ and NR2F2 message levels or for Western 

blot for detection of HNF4γ and NR2F2 protein. HNF4γ protein bands in the miR-30 treated 

samples showed an average reduction of 40% in comparison with the miR-CTR treated 

samples (with p > 0.001, by Student’s t-test). NR2F2 protein band in the miR-194 treated 

samples showed an average reduction of 30% in comparison with the miR-CTR treated 

samples (with p = 0.003, by Student’s t-test). (D,E) Luciferase reporter assays showing the 

effect of miR-30a (D) or miR-194 (E) on the full-length 3′UTR and on the wild type (WT) 

miR binding site (BS), but not on the mutant (MUT) sequences within the 3′UTR regions of 

HNF4g (D) and NR2F2 (E). qRT-PCR analysis of indicated intestinal metaplasia markers 

after transfection of KATO III cells with either a miR-30 mimic or an siRNA against 

HNF4γ. All values are shown as means ± SD. Pairwise comparisons (miR-mimics vs. miR-

CTR) were performed by Student’s t-test (* indicates P < 0.05).
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Figure 7. MiR-30a affects other metaplasia markers in an HNF4γ manner
Cells were transfected with a miR-30a mimic or a siRNA against HNF4γ and at 96 hours 

after transfection, cells were processed for RNA extraction and qRT-PCR for analysis of the 

expression of metaplasia markers putatively transactivated by HNF4γ. (A) Effectiveness of 

HNF4γ knockdown at mRNA and protein levels using siRNA. (B-E) qRT-PCR analysis of 

metaplasia markers TFF2 (B), TFF3 (C), Villin (VIL1, D) and CDX2 (E) after transfection 

of KATO III cells with either a miR-30 mimic or an siRNA against HNF4γ. All values are 

shown as means ± SD. Pairwise comparisons were performed by Student’s t-test (* indicates 

P < 0.05).
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Figure 8. HNF4γ overexpression restores VIL1 expression in MKN28 cells and the effect is 
potentiated by the down-regulation of NR2F2
(A) HNF4γ mRNA (by qRT-PCR) and protein levels (by western blot) in MKN28 cells 

transfected with a control vector (mCherry) or a mCherry-HNF4γ-expression construct. (B) 

Immunostaining with an HNF4γ-specific antibody in transfected MKN28 cells. Images were 

taken in a Zeiss Axiophot microscope (20X). (C) Effectiveness of NR2F2 knockdown in 

MKN28 cells using siRNA. (D) Increased mRNA expression (qRT-PCR) of the intestinal 

metaplasia marker VIL1, but not TFF2 or TFF3 in MKN28 cells overexpressing HNF4γ or 

overexpressing HNF4γ and knocked down for NR2F2. All values are shown as means ± SD. 

Pairwise comparisons, as indicated, were performed by Student’s t-test (* indicates P < 

0.05).
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Table 1

Expression of metaplasia markers in gastric cancer cell lines

Marker KATO III AGS MKN7 MKN28

TFF2 + − − −

TFF3 + − − −

WFDC2/HE4 + +/− − −

MUC6 − − − −

CLU + + + +

VIL1 + + NT −

DMBT1 − + − −

MUC2 +/− − − −

MUC13 + NT NT −

CDX2 + + + +

CFTR + + − −

Expression assessed by PCR and supported by study on molecular profiling of 37 gastric cancer cell lines23.
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