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Intestinal metaplasia in gastric mucosa is considered a preneoplastic lesion that progresses to gastric cancer.
However, the molecular networks underlying this lesion formation are largely unknown. NKX6.3 is known to be an
important regulator in gastric mucosal epithelial differentiation. In this study, we characterized the effects of
NKX6.3 that may contribute to gastric intestinal metaplasia. NKX6.3 expression was significantly reduced in
gastric mucosae with intestinal metaplasia. The mRNA expression levels of both NKX6.3 and CDX2 predicted the
intestinal metaplasia risk, with an area under the receiver operating characteristic curve value of 0.9414 and
0.9971, respectively. Notably, the NKX6.3 expression level was positively and inversely correlated with SOX2 and
CDX2, respectively. In stable AGSNKX6.3 and MKN1NKX6.3 cells, NKX6.3 regulated the expression of CDX2 and
SOX2 by directly binding to the promoter regions of both genes. Nuclear NKX6.3 expression was detected only in
gastric epithelial cells without intestinal metaplasia. Furthermore, NKX6.3-induced TWSG1 bound to BMP4 and
inhibited BMP4-binding activity to BMPR-II. These data suggest that NKX6.3 might function as a master regulator
of gastric differentiation by affecting SOX2 and CDX2 expression and the NKX6.3 inactivation may result in
intestinal metaplasia in gastric epithelial cells.
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Gastric cancer is still one of the malignancies with
high incidence and mortality rates worldwide.1 The
stages of the precancerous cascade for gastric
adenocarcinoma are a series of histologically recog-
nizable changes in the gastric mucosa that follow
a specific sequence: non-atrophic gastritis, multi-
focal atrophic gastritis, intestinal metaplasia, and
dysplasia.2–4 Of these, intestinal metaplasia is the
replacement of gastric epithelium by epithelium
displaying an intestinal phenotype with the
appearance of goblet, Paneth, and absorptive cells.
It is well known that Helicobacter pylori infection,
high salt intake, smoking, and alcohol consumption
are risk factors for gastric intestinal metaplasia.5–8

Interestingly, altered expression of Muc5ac with

the aberrant expression of Muc2 and caudal-related
homologue 2 (CDX2) was detected in intestinal
metaplasia of the stomach, which is characterized
by the appearance of goblet cells and is considered to
be a preneoplastic stage of gastric carcinogenesis.9–12

Patients with gastric intestinal metaplasia showed
a six-fold increased risk of gastric cancer than did
those without gastric intestinal metaplasia.13

Although much is known about the morphology
and physiology of gastric intestinal metaplasia, the
regulatory mechanisms that govern their intestinal
differentiation still remain unclear.

It was recently reported that NKX6.3, a third
member of the NKX6 subfamily of NKX genes, is a
novel transcription factor required for gastric epithe-
lial differentiation.14 In mouse embryos, NKX6.3
expression is restricted to endoderm-derived cells
in the gastric antrum, pylorus, and proximal
duodenum.15 As a stratified squamous epithelium
extends from the esophagus to the fundus of the
mouse stomach, followed by the glandular mucosa of
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the corpus and antrum,16 it is likely that NKX6.3 is
expressed in the glandular mucosa of the stomach.
In our previous report, we confirmed that human
NKX6.3 protein is expressed throughout the
entire gastric mucosa and that NKX6.3 induces
the expression of gastric foveolar mucin Muc5ac
at protein and mRNA levels in addition to down-
regulating CDX2, an intestinal-specific homeo-
box transcription factor.17 Here we hypothesized
that NKX6.3 has an important role in the transdiffer-
entiation of gastric epithelium to the intestinal
phenotype.

Thus we sought to investigate the effects of
NKX6.3 on the differentiation of gastric epithelium
and on the expression of target genes involved in
gastric and intestinal differentiation in NKX6.3
stable AGS and MKN1 gastric cancer cell lines as
well as in 55 non-cancerous gastric mucosae.
Overall, we showed that NKX6.3 may be crucial for
proper gastric differentiation and the prevention of
intestinal metaplasia in gastric epithelial cells.

Materials and methods

Gastric Mucosa Specimens

A total of 55 patients with sporadic gastric cancer
who underwent a gastrectomy at the Chonnam
National University Hwasun Hospital were included.
Non-neoplastic gastric mucosae remote (45 cm)
from the tumor at each corresponding region were
divided into two parts. One part was frozen and used
for molecular studies. The other tissues were fixed
in formalin and stained with hematoxylin–eosin.
The gastric mucosa specimens were obtained
from fundus (2 patients), body (22), and antropyloric
region (31). Informed consent was provided accord-
ing to the Declaration of Helsinki. Written informed
consent was obtained from all subjects. The study
was approved by the Institutional Review Board of
The Catholic University of Korea, College of
Medicine (MC15SISI0015). There was no evidence
of familial cancer in any of the patients.

Histological assessment was performed indepen-
dently by two pathologists. According to the updated
Sydney system,18 gastritis score of 0 (absent), 1
(mild), 2 (moderate), or 3 (marked) was assigned to
each of the following parameters: activity (granulo-
cytic infiltration), inflammation (lymphocytic and
plasma cell infiltration), intestinal metaplasia, and
glandular atrophy. The specimens with grade ≥ 2,
histological findings of granulocyte and mononuc-
lear cell (mainly lymphocytes and plasma cells)
infiltration were diagnosed with inflammation positive.
Atrophy was defined as the loss of appropriate
glands, and alcian blue staining was used to identify
the intestinal metaplasia. Of 55 gastric mucosae,
15 cases showed negative histology for H. pylori
infection, atrophy, and intestinal metaplasia and
were used as a control for molecular studies.

Bacterial Strain and Animal Infection

H. pylori SS1 was cultured and infection in mice is
described in the Supplementary Methods.

Generation of NKX6.3 Stable Cells

Generation of NKX6.3 stable cells are described in
the Supplementary Methods.

Expression of Differentiation-Related Genes

After quantification of mRNA extracted from
non-cancerous gastric mucosae, cDNA was
synthesized using the Reverse Transcription Kit
from Roche Molecular System (Roche, Mannheim,
Germany), according to the manufacturer's protocol.
Procedures are described in detail in the
Supplementary Methods.

Chromatin Immunoprecipitation

For assessing the NKX6.3-binding activity in the
promoter region of CDX2, SOX2, and TWSG1,
chromatin immunoprecipitation assays were
performed using the Thermo Scientific Pierce
Agarose Chromatin Immunoprecipitation Kit
(Thermo Scientific Pierce, Rockford, IL, USA), as
previously described.17 Procedures are described in
detail in the Supplementary Methods.

Effect of CagA and GKN1 on Intestinal Metaplasia

To determine the effect of CagA and/or GKN1 on
intestinal metaplasia, the genes associated with
intestinal metaplasia were examined in AGSMock,
AGSNKX6.3, MKN1Mock, and MKN1NKX6.3 cells at time
course after transfection with CagA or shGKN1 as
described previously.19 The primer sequences are
shown in Supplementary Table S1. The expression
of H. pylori CagA and differentiation-associated
proteins was examined by real-time PCR and western
blotting analysis, as previously described.19

Immunohistochemistry and Immunofluorescence
Assay

Immunohistochemical evaluation of the NKX6.3
expression in non-neoplastic gastric mucosa was
carried out as described previously.20 Immunohis-
tochemistry and immunofluorescent analysis were
processed according to standard procedures as
described in the Supplementary Methods.

Co-Immunoprecipitation

Cells were lysed and processed according to stan-
dard procedures as described in the Supplementary
Methods.

NKX6.3 inhibits gastric intestinal metaplasia

JH Yoon et al 195

Modern Pathology (2016) 29, 194–208



Statistical Analysis

Chi-Square, Pearson's and Student's t-tests were used
to analyze the correlation of NKX6.3, SOX2, GKN1,
CDX2, Muc5ac, and Muc2 expression with intestinal
metaplasia, respectively. A P-value o0.05 was
considered the limit of statistical significance. To
further evaluate the diagnostic usefulness of the
markers based on dichotomous classification, receiver
operating characteristic curve analysis was used. A
receiver operating characteristic curve is a plot of the
true-positive fraction vs the false-positive fraction
evaluated for all possible cutoff point values.

Results

NKX6.3 and CDX2 Predict Gastric Intestinal
Metaplasia

We determined the expression of NKX6.3 in different
regions of the human stomach and its distribution
within gastric glands in 55 non-cancerous gastric
mucosae. The levels of NKX6.3 mRNA expression
were similar in the proximal (fundus and body) and
distal (antrum and pylorus) stomach (Figure 1a).
Interestingly, NKX6.3 mRNA expression was signifi-
cantly reduced in both proximal and distal gastric
mucosa with intestinal metaplasia (Figure 1b).
NKX6.3 immunoreactivity was detected mainly in
the nucleus of several types of glandular cells
(Figures 1c and d). In mice, both the forestomach,
lined by squamous cells, and the glandular stomach
also showed immunopositivity for NKX6.3
(Figures 1e and f).

Histologically, granulocyte and mononuclear cell
infiltrations, as well as atrophy and intestinal
metaplasia, were found in 11 (20%), 42 (76%), 18
(33%), and 20 (36%) of the 55 non-neoplastic gastric
mucosal tissues, respectively. Compared with 15
control gastric mucosae without H. pylori infection,
atrophy, and intestinal metaplasia, NKX6.3 mRNA
expression was decreased in 28 (70%) out of 40
gastric mucosae (Figure 2a). Nineteen (95%) of 20
gastric mucosae with intestinal metaplasia showed
reduced NKX6.3 mRNA expression (Figure 2a). In
addition, NKX6.3 mRNA expression was signifi-
cantly reduced in cases with mononuclear cell
infiltration (Po0.0001), atrophy (P=0.0274) and
intestinal metaplasia (Po0.0001) (Figure 2b)
but not in cases with granulocytic infiltration
(P=0.3550) (Figure 2c). Interestingly, NKX6.3
predicted atrophy and intestinal metaplasia risk with
an area under the receiver operating characteristic
curve value of 0.6892 and 0.9414, respectively
(Figure 2d).

When we compared the expression level of CDX2
with the degree of gastritis, CDX2 was also signifi-
cantly increased in gastric mucosae with mono-
nuclear cell infiltration (P=0.0036), atrophy
(P=0.0038), and intestinal metaplasia (Po0.0001)
(Figure 2e). Additionally, CDX2 predicted gastric

mucosal atrophy and intestinal metaplasia risk with
an area under the receiver operating characteristic
curve value of 0.7613 and 0.9971, respectively
(Figure 2f).

H. pylori CagA Reduces NKX6.3 Expression

We next tested the hypothesis that H. pylori infection
is associated with a reduction in the DNA copy
number for NKX6.3. As CagA(+) H. pylori SS1 has
been found to consistently infect mice at a high level
and establish infections that survive over many
months, the SS1 strain is usually proposed as the
standard for experimental infection studies.21 The
effects of H. pylori infection on NKX6.3, CDX2, and
SOX2 expression in mice were analyzed in three
H. pylori-infected and two non-infected C57BL/6
female mice. The gastric mucosal tissues from
H. pylori-infected C57BL/6 mice showed decreased
DNA copy number, mRNA transcript, and protein
expression for NKX6.3 (Figures 3a–c). Although
H. pylori CagA did not affect the DNA copy number
for CDX2 and SOX2 genes (Figure 3a), CagA
increased CDX2 and decreased SOX2 expression
(Figures 3b and c). When we investigated the
association of NKX6.3 with the presence of H. pylori
CagA, which was detected in 26 (47%) of 55 human
non-cancerous gastric mucosae by western blotting
analysis,22 the NKX6.3 DNA copy number and
mRNA expression were significantly lower in
CagA-positive gastric mucosa than in CagA-negative
cases (Po0.0001) (Figures 3d and e). In addition,
there was no significant difference in the DNA copy
numbers for CDX2 and SOX2 genes between
CagA-positive and -negative gastric mucosae
(Figure 3d). However, CagA-positive gastric mucosae
showed increased CDX2 and decreased SOX2mRNA
expression (Figure 3e). These results indicate that
H. pylori CagA may have a role in the inactivation of
NKX6.3 and the induction of CDX2.

NKX6.3 Controls Differentiation in Gastric Epithelial
Cells

To determine whether NKX6.3 contributes to the
differentiation of human gastric epithelial cells, we
investigated the association of NKX6.3 with the
expression of gastric markers, including SOX2 and
GKN1, and the intestinal marker, CDX2. As shown in
Figure 4, NKX6.3 mRNA expression showed an
inverse relationship with the expression of CDX2
(Figure 4a) and a positive correlation with SOX2 and
GKN1 expression in gastric mucosal tissues
(Figures 4b and c) (P=0.0001). In addition, SOX2
expression was positively correlated with that of
GKN1 (Po0.0001), whereas CDX2 was inversely
related to SOX2 and GKN1 expression (Figures 4d–f)
(Po0.0001), suggesting that NKX6.3 may control the
differentiation of gastric epithelial cells.
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Figure 1 Expression and localization of NKX6.3 in the stomach. (a) NKX6.3 mRNA expression in the 24 proximal and 31 distal stomach.
(b) Of these, proximal and distal stomach with intestinal metaplasia showed significantly reduced NKX6.3 mRNA expression. IM, intestinal
metaplasia. (c and d) Intense nuclear NKX6.3 staining was detected in glandular epithelia in the body (c) and pylorus (d) of human stomach.
(e and f) In mice, nuclear NKX6.3 staining was also observed in the forestomach, lined by squamous cells (e), and in the glandular stomach (f).
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Based on these observations, we performed
chromatin immunoprecipitation assays followed by
PCR and real-time PCR to identify the NKX6.3-
binding site within promoter upstream sequences
of the CDX2 and SOX2 genes in AGSMock and
MKN1Mock cells as well as in AGSNKX6.3 and
MKN1NKX6.3 cells. We defined the region upstream
of the genes (between − 6 and +1 kb), which
overlapped with the transcription start site
designated as 0 kb. NKX6.3 showed binding activity
from − 6 to +1 kb relative to the CDX2 and SOX2
transcription start site in AGS (Figures 5a–d) and
MKN1 (Supplementary Figure S1) gastric cancer
cells. In particular, NKX6.3 occupancy was 7.2-fold
enriched at −4376 to − 4215 bp from the transcrip-
tion start site of CDX2 gene and 4.75-fold enriched
at −3051 to − 2838 bp from the transcription start site
of SOX2 (Figures 5c and d). In NKX6.3 stable cells,
NKX6.3 induced SOX2 and Muc5ac mRNA expres-
sion but reduced CDX2 and Muc2 expression
(Figures 5e–h). In addition, NKX6.3 also increased
the expression of SOX2 proteins and decreased
CDX2 protein expression at 4 days after culture
(Figure 5i). However, NKX6.3 silencing with
shNKX6.3 induced CDX2 and Muc2 expression but
reduced SOX2 and Muc5ac expression (Figures 5e–
i), indicating that NKX6.3 may control the differ-
entiation of gastric mucosal epithelial cells by
regulating gastric and intestinal markers.

Loss of NKX6.3 Expression Is Sufficient for Gastric
Intestinal Metaplasia

Next we examined the expression levels of NKX6.3,
SOX2, GKN1, CDX2, Muc5ac, and Muc2 in human
gastric mucosa using immunofluorescent assays. As
expected, NKX6.3 was abundant in the nuclei of
gastric epithelial cells without intestinal metaplasia
(Figures 6a and b), and the expression of GKN1,
SOX2, and Muc5ac was mainly detected in portions
of these NKX6.3-positive cells (Figures 6b–d). In
regions of gastric intestinal metaplasia, both CDX2
and Muc2 proteins were strongly expressed in the
gastric epithelium lacking NKX6.3, SOX2, Muc5ac,
and GKN1 expression (Figures 6a–e).

H. pylori CagA Induces Gastric Intestinal Metaplasia
by Downregulating SOX2 and Upregulating CDX2

As H. pylori infection is known to contribute to
CDX2 expression and induce intestinal metaplasia,23
we investigated the effects of CagA on gastric
intestinal metaplasia in AGS and MKN1 gastric
cancer cell lines. Ectopic expression of CagA down-
regulated NKX6.3, GKN1, and SOX2 mRNA expres-
sion (Figures 7a–c) and upregulated CDX2
expression in both AGS and MKN1 cells in a time-
dependent manner (Figure 7d). These results were
confirmed in CagA-transfected AGSMock, MKN1Mock,
AGSNKX6.3, and MKN1NKX6.3 cells by western blot-
ting analysis (Figure 7e). In addition, ectopic
expression of CagA induced the expression of bone
morphogenic protein 4 (BMP4) and p-SMAD1/5/8
proteins, whereas NKX6.3 reduced the expression of
p-SMAD1/5/8. However, NKX6.3 did not affect
BMP4 protein expression (Figure 7e). These results
suggest that CagA-positive H. pylori infection leads
to increased CDX2 and p-SMAD1/5/8 expression
through attenuated expression of NKX6.3 at mRNA
and protein levels.

NKX6.3 Inhibits BMP4 Signaling by Inducing TWSG1

Activation of the BMP/p-SMAD pathway leads to the
expression of CDX2 and has a crucial role in the
development of intestinal metaplasia.24,25 As
NKX6.3 did not affect BMP4 expression, we exam-
ined the effects of NKX6.3 on TWSG1, which is a
novel inhibitor for the BMP signaling pathway26,27 in
AGS and MKN1 cells. Treatment with BMP4
induced p-SMAD1/5/8 and CDX2 expression and
downregulated SOX2 expression in AGS and
MKN1 cells (Figure 8a). However, it had no effect
in NKX6.3 stable AGSNKX6.3 and MKN1NKX6.3 cells
(Figure 8a).

Next we investigated whether NKX6.3 is involved
in the regulation of TWSG1 expression. In NKX6.3
stable cells, NKX6.3 induced TWSG1 RNA and
protein expression by directly binding to promoter
upstream sequences (−2165 to − 1916 bp and −1758
to − 1463 bp) from transcription start site of the

Figure 2 NKX6.3 expression in gastric mucosae. (a) In real-time PCR assay, reduced expression of NKX6.3 mRNA was found in 28 (51%)
of the 55 gastric mucosae. The mean value of mRNA expression in gastric mucosae without H. pylori infection, atrophy, and intestinal
metaplasia was used as a control. mRNA expression change in each case was further normalized to the mean value of those in control
gastric mucosae and reduced NKX6.3 expression was defined as o0.5 fold change. (b) In scatter plot analysis, NKX6.3 mRNA expression
was closely associated with mononuclear cell infiltration (Student's t-test, P=0.0001), atrophy (P=0.0274), and intestinal metaplasia
(Po0.0001) but not with granulocytic infiltration (P=0.3550). (c) Receiver operating characteristic curve analysis using NKX6.3
to distinguish patients with atrophy and intestinal metaplasia from human gastric mucosal tissues. NKX6.3 yielded an area under
the curve (AUC) value of 0.6892 (95% confidence interval (CI), 0.5463–0.8321; P=0.02386) and 0.9414 (95% CI, 0.8847–0.9981;
Po0.0001) in distinguishing atrophy and intestinal metaplasia, respectively. (d) Scatter plot analysis showed that CDX2 mRNA
expression was closely associated with mononuclear cell infiltration (Student's t-test, P=0.0038), atrophy (P=0.0038) and intestinal
metaplasia (Po0.0001) but not with granulocytic infiltration (P=0.9173). MNC, mononuclear cell; IM, intestinal metaplasia; PMN,
polymorphonuclear leukocytes. (e) Receiver operating characteristic curve analysis using CDX2 to distinguish patients with atrophy and
intestinal metaplasia. CDX2 yielded an AUC value of 0.7613 (95% CI, 0.6250–0.8976; P=0.0018) and 0.9971 (95% CI, 0.9895–1.005;
Po0.0001) in distinguishing atrophy and intestinal metaplasia, respectively. IM, intestinal metaplasia; MNC, mononuclear cell; PMN,
polymorphonuclear leukocytes.
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TWSG1 gene (Figures 8b and c). However, NKX6.3
did not affect bone morphogenic protein type II
receptor (BMPR-II) protein expression (Figure 8b). In
the immunoprecipitation assay, NKX6.3-induced
TWSG1 bound directly to BMP4 and inhibited
BMP4-binding activity to BMPR-II in AGS and
MKN1 cells, whereas silencing NKX6.3 or TWSG1
recovered BMP4 binding to BMPR-II (Figure 8d).
These results suggest that NKX6.3 may inhibit
gastric intestinal metaplasia by inactivating the
BMP/p-SMAD pathway through upregulation of
TWSG1 expression.

NKX6.3 Controls Gastric Differentiation in a
GKN1-Independent Manner

Previously, we reported that GKN1 inhibits the
carcinogenic potential of CagA by direct binding to
CagA.19 Thus, to determine whether NKX6.3-induced
gastric differentiation is dependent on GKN1, we
examined the NKX6.3, CDX2, and SOX2 expression
in AGSNKX6.3 and MKN1NKX6.3 cells after GKN1
silencing with shGKN1 (Supplementary Figure S2a).
Notably, GKN1 silencing did not affect the expres-
sion levels of NKX6.3, SOX2, and CDX2 at the mRNA
level (Supplementary Figures S2b–d), suggesting
that NKX6.3 may regulate gastric differentiation in
a GKN1-independent manner.

Discussion

The gastric epithelium is a simple columnar epithe-
lium composed of gastric pits and gastric glands.
Gastric pits are lined by surface mucous cells,
whereas gastric glands are composed of various
kinds of cells, including mucous neck cells, parietal
cells, chief cells, and enteroendocrine cells.28 The
generation of surface mucous cells, which takes
3 days, is regulated by Indian hedgehog and
epidermal growth factor.28–31 It was recently suggested
that several differentiation-associated genes
such as NKX6.3, SOX2, CDX2, PDX1, and OCT1
have an important role in gastric differentiation and
intestinal metaplastic formation.32 SOX2 contributes
to the development of foregut-derived organs, such
as the esophagus and stomach,33,34 and controls the
expression of pepsinogen A and Muc5ac.35,36 The
expression of SOX2 is downregulated during the
progression from incomplete to complete intestinal
metaplasia.37 In addition, it was suggested that SOX2
can function as a tumor suppressor by regulating the
cell cycle and apoptosis.38 In particular, CDX2 is an
initiator gene involved in the embryonic develop-
ment and axial patterning of the alimentary tract
as well as maintenance of the adult intestinal
epithelium by functioning as a transcription factor
for Muc2, lactase, intestinal alkaline phosphatase,
and furin.32,39–41

NKX6.3 is identified as a selective regulator of
G- and D-cell lineages in the antrum/pylorus of mice

stomach.14 However, the function and expression
pattern of human NKX6.3 protein still remain
unknown. Here we found that NKX6.3 mRNA
expression levels were similar in the human prox-
imal (fundus and body) and distal (antum and
pylorus) stomach and was reduced in gastric mucosa
with intestinal metaplasia (Figures 1a and b).
NKX6.3 expression was detected mainly in the
nuclei of several types of glandular epithelia
(Figures 1c and d). In mice, both the forestomach,
lined by squamous cells, and the glandular stomach
also showed immunoreactivity against NKX6.3
(Figures 1e and f). These data suggest that NKX6.3
may have an important role in the entire gastric
mucosal epithelia of humans and mice. Interestingly,
reduced NKX6.3 expression was found in 28 (51%)
of the 55 gastric mucosae (Figure 2a), and the
expression levels were closely correlated with mono-
nuclear cell infiltration (Po0.0001), atrophy
(P=0.0274), and intestinal metaplasia (Po0.0001)
(Figure 2b). In keeping with the published reports of
CDX2 expression in gastric intestinal metaplasia,40,42
CDX2 expression was markedly increased in gastric
mucosae with intestinal metaplasia (Po0.0001) and
its expression was also associated with mononuclear
cell infiltration (P=0.0036) and atrophy (P=0.0038)
(Figure 2d). When the ability of NKX6.3 to discrimi-
nate patients with atrophy and intestinal metaplasia
was analyzed using a receiver operating character-
istic curve, NKX6.3 predicted gastric mucosal
atrophy and intestinal metaplasia risk with an area
under the curve value of 0.6892 and 0.9414,
respectively (Figure 2c). In addition, CDX2 predicted
atrophy and intestinal metaplasia risk, with area
under the curve values of 0.7613 and 0.9971,
respectively (Figure 2e). Thus our data implicate
NKX6.3 and CDX2 as important in gastric mucosal
inflammation and as candidate biomarkers for
atrophy and intestinal metaplasia in the gastric
mucosa.

Because H. pylori causes DNA damage and
chromosomal aberrations in gastric epithelial
cells,43,44 we set out to determine whether H. pylori
CagA is involved in the expression of NKX6.3, CDX2,
and SOX2 genes. In the gastric mucosae of humans
and mice, CagA-positive H. pylori infection was
negatively associated with NKX6.3 DNA copy number
as well as with mRNA and protein expression
(Figures 3a–e). In addition, H. pylori CagA induced
CDX2 mRNA expression and suppressed SOX2
expression in the gastric mucosae of both humans
and mice (Figure 3e). Although we could not
completely rule out the possibility of underestimat-
ing the prevalence of genetic and epigenetic
alterations to NKX6.3, these data suggest that
CagA-positive H. pylori infection may be a driving
event behind the inactivation of NKX6.3 and the
induction of CDX2 in gastric mucosae.

Notably, NKX6.3 mRNA expression showed an
inverse relationship with the expression of CDX2
(Figure 4a) and a positive correlation with SOX2 and

Modern Pathology (2016) 29, 194–208

NKX6.3 inhibits gastric intestinal metaplasia

200 JH Yoon et al



Figure 3 Effects of H. pylori on NKX6.3 expression. (a–c) Gastric mucosae from mice infected with CagA (+) H. pylori showed decreased
NKX6.3 DNA copy number (a), mRNA transcript (b), and protein expression (c), compared with those of control (cont.). In addition,
H. pylori infection decreased SOX2 mRNA expression and increased CDX2 mRNA expression. However, H. pylori infection did not affect
the DNA copy numbers of SOX2 and CDX2. (d and e) Scatter plot illustrates that NKX6.3, CDX2 and SOX2 DNA copy number (d) and
mRNA expression level (e) were significantly lower in H. pylori CagA-positive (pos.) than in CagA-negative (neg.) human non-cancerous
gastric mucosal tissues (Po0.01), but there was no significant differences in the DNA copy number of CDX2 and SOX2 genes.
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GKN1 expression in gastric mucosal tissues
(Figures 4b and c). Expectedly, SOX2 expression
was positively correlated with GKN1 (Figure 4d),
whereas CDX2 expression was inversely correlated
with SOX2 and GKN1 (Figures 4e and f). These
results are in line with reports that there was a
significant inverse correlation between the

expression of SOX2 and CDX2 in gastric adeno-
carcinomas,45 as well as reports that Lgr5-positive
intestinal stem cells require CDX2 to maintain their
intestinal identity and are converted into pyloric
stem cells in the absence of CDX2.46 Although
further studies on larger populations are necessary
to clarify these initial observations, our data suggest

Figure 4 NKX6.3 expression was closely associated with the expression of gastric and intestinal markers. (a) NKX6.3 mRNA expression
showed an inverse correlation with the expression of CDX2. (b and c) A positive correlation of NKX6.3 expression with SOX2 (b) and
GKN1 (c) was observed in 55 gastric mucosae (Pearson's test, Po0.0001). (d) There was a positive correlation between GKN1 and SOX2
expression (Po0.0001). (e and f) An inverse association of CDX2 expression with SOX2 and GKN1 expression levels was found
(Po0.0001).
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Figure 5 NKX6.3 functions as a transcriptional factor for CDX2 and SOX2 genes. (a and b) Putative promoter activity was characterized
between −6 kb and +1 kb relative to the transcription start site of CDX2 and SOX2 genes using chromatin immunoprecipitation–PCR.
NKX6.3-binding activity was detected in all fragments. (c and d) NKX6.3 occupancy was 7.2- and 4.75-fold enriched at the
CDX2-transcription start site−5376 to 5215 and SOX2-transcription start site−4051 to 3838 compared with the control. TSS, transcription start
site. (e and f) NKX6.3 downregulated CDX2 and Muc2 mRNA expression in both cells, but NKX6.3 silencing with shNKX6.3 completely
reversed these effects. (g and h) NKX6.3 upregulated the expression of SOX2 and Muc5ac mRNAs, but NKX6.3 silencing with shNKX6.3
completely reversed these effects. (i) In AGSNKX6.3 and MKN1NKX6.3 cells, NKX6.3 significantly downregulated CDX2 protein expression
and upregulated SOX2 protein.
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that NKX6.3 may be a key factor for gastric
differentiation.

The fact that NKX6.3 expression was positively
correlated with SOX2 expression and inversely
correlated with CDX2 in non-neoplastic gastric mucosal
tissues implies that NKX6.3 regulates the expression
of the gastric marker SOX2 and the intestinal marker
CDX2. The promoter regions between −6 kb and
+1 kb from the transcription start site of the SOX2
and CDX2 genes contain 29 and 12 putative NKX6.3-
binding motifs (TAAT), respectively. In chromatin
immunoprecipitation–PCR analysis, NKX6.3 binds
directly to promoter regions of the SOX2 and CDX2
genes and regulates their expression at mRNA and
protein levels (Figures 5a–i). In addition, increased
expression of Muc5ac and reduced Muc2 expression
were also observed in AGSNKX6.3 and MKN1NKX6.3

cells (Figures 5g and h), further confirming that
SOX2 and CDX2 function as transcription factors for
Muc5ac and Muc2, respectively.36,40,41 These results
indicate that NKX6.3 may have an important role in
gastric differentiation by acting as a transcriptional
factor for SOX2 and CDX2 genes.

Next, to further confirm that NKX6.3 is a major
regulator of gastric mucosal epithelium, we analyzed
the expression of NKX6.3, GKN1, Muc5ac, CDX2,
and Muc2 in human gastric mucosa by immuno-
fluorescence assay. As seen in Figure 6, normal
gastric glandular epithelium with NKX6.3 immuno-
reactivity showed SOX2, GKN1, and Muc5ac expres-
sion but not CDX2 and Muc2. In gastric mucosal
glands with intestinal metaplasia, NKX6.3
expression was not observed and co-expression of
both CDX2 and Muc2 proteins was markedly
detected (Figure 6). Thus these results suggest that
intestinal transformation of gastric epithelial cells
may be a result of NKX6.3 inactivation through
upregulation of CDX2, further supporting our in vitro
data indicating that NKX6.3 may control gastric and
intestinal differentiation.

It is well known that H. pylori is a causative agent
of gastric cancer.47 H. pylori babA, cagA, and s1
vacA genes work synergistically to cause intestinal
metaplasia,48 which is an independent risk factor for
gastric cancer development.49 In the present study,
we examined the effects of H. pylori CagA on gastric

Figure 6 Expression of NKX6.3 target proteins in gastric mucosa. (a) Left half of gastric mucosa showed intestinal metaplasia (IM)
containing goblet cells (H&E staining). (b–f) In immunofluorescence analysis, nuclear localization of NKX6.3 protein was detected in
gastric glandular epithelium without intestinal metaplasia (b). There was co-expression of NKX6.3, GKN1 (b), SOX2 (c), and Muc5ac (d) in
gastric gland without intestinal metaplasia, whereas CDX2 (e) and Muc2 (f) expression was observed in gastric gland with intestinal
metaplasia and NKX6.3-negativity. N, gastric gland without intestinal metaplasia.
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Figure 7 H. pylori CagA controls the expression of gastric and intestinal markers. (a) CagA-transfected AGSNKX6.3 and MKN1NKX6.3 cells
showed time-dependent inhibition of NKX6.3 expression. (b) Ectopic CagA expression downregulated GKN1 mRNA expression in both
AGSNKX6.3 and MKN1NKX6.3 cells. (c) Ectopic CagA expression significantly inhibited SOX2 expression, even in NKX6.3 stable AGSNKX6.3

and MKN1NKX6.3 cells. (d) CagA-transfected AGS and MKN1 cells upregulated the expression of CDX2 mRNA, and stable NKX6.3
expression did not affect CagA-induced CDX2 upregulation. (e) CagA reduced NKX6.3, GKN1, and SOX2 protein expression and increased
BMP4, CDX2, and p-SMAD1/5/8 expression in both AGS and MKN1 cells.
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intestinal metaplasia in AGS and MKN1 gastric
cancer cell lines and found that CagA reduced the
expression of NKX6.3, GKN1, and SOX2 genes at
mRNA and protein levels in a time-dependent
manner (Figures 7a–e) but increased CDX2, BMP4,
and p-SMAD1/5/8 expression in both AGS and
MKN1 cells (Figures 7d and e). These results are in
line with the report that H. pylori CagA increased
CDX2 protein expression.23 Although NKX6.3 down-
regulated the expression of CDX2 and p-SMAD1/5/8
proteins, it did not affect BMP4 expression
(Figure 7e). As reduced NKX6.3 DNA copy number
as well as mRNA and protein expression were found
in CagA(+) H. pylori-infected gastric mucosae
(Figure 3), we concluded that CagA(+) H. pylori
infection leads to intestinal metaplasia by upregulat-
ing CDX2 and BMP4 expression through NKX6.3
inactivation.

Previously, it was shown that BMP2 and BMP4
regulate CDX2 expression and promote intestinal
differentiation.24 In the present study, NKX6.3 did
not affect BMP4 expression but reduced p-SMAD1/5/8
and CDX2 expression (Figure 7e). Next we analyzed
the effects of BMP4 on NKX6.3 by examining the

expression of NKX6.3, SOX2, CDX2, and p-SMAD1/5/8
after BMP4 treatment. Interestingly, treatment with
BMP4 induced p-SMAD1/5/8 and CDX2 expression
in AGSMock and MKN1Mock cells, whereas NKX6.3
completely inhibited BMP4 activity in AGSNKX6.3

and MKN1NKX6.3 cells (Figure 8a). Thus we
investigated whether NKX6.3 downregulates
BMP4-induced CDX2 expression by inducing a
cytokine named twisted gastrulation (TWSG1),
which inhibits BMP-mediated phosphorylation of
Smad proteins.27 Notably, NKX6.3 functioned as a
transcriptional factor for the TWSG1 gene and
increased its expression (Figures 8b and c).
Furthermore, NKX6.3-induced TWSG1 bound
directly to BMP4 and inhibited BMP4-binding
activity to BMPR-II (Figure 8d). These results suggest
that NKX6.3 may prevent gastric intestinal metaplasia
by inactivating the BMP/p-SMAD/CDX2 pathway
through upregulating TWSG1 expression.

As GKN1 is a novel autocrine/paracrine protein
specifically expressed in gastric mucosa and func-
tions as a gastric specific tumor suppressor,20,50 we
set out to determine whether NKX6.3 activity in
gastric differentiation is dependent on GKN1.

Figure 8 NKX6.3 inhibits BMP/p-SMAD signaling pathway. (a) Treatment of BMP4 in AGS and MKN1 cells induced the expression of
p-SMAD1/5/8 and CDX2 proteins. However, BMP4 had no effect in NKX6.3 stable cells. (b) NKX6.3 induced secretary (s-TWSG1) and
endogenous TWSG1 expression, but it did not affect BMPR-II expression. (c) Putative promoter activity was characterized between −2.2 kb
and −1.4 kb relative to the transcription start site of TWSG1 genes by chromatin immunoprecipitation–PCR. NKX6.3 occupancy was
11.5- and 6.5-fold enriched at the TWSG1-transcription start site−1758 to −1463 and -transcription start site−2165 to −1916 compared with
control. TSS, transcription start site. (d) In BMP4-treated NKX6.3 stable cells, NKX6.3 inhibited BMP4-binding activity to BMPR-II protein
by binding directly to BMP4. Immunoprecipitated proteins were resolved by SDS-PAGE, transferred to PVDF membranes and processed
for immunoblotting with the indicated antibodies.
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As shown in Supplementary Figure S2, NKX6.3
induced increased expression of GKN1 and SOX2
and decreased the expression of CDX2 at mRNA
levels. In addition, GKN1 silencing with shGKN1 did
not affect the expression of these genes, suggesting
that NKX6.3 may control gastric differentiation in a
GKN1-independent manner.

Here we present evidence that NKX6.3 may have
an important role in the differentiation of gastric
mucosal epithelium. NKX6.3 induces the expression
of gastric differentiation markers such as GKN1,
SOX2, and Muc5ac and inhibits the expression of
intestinal differentiation markers, such as CDX2 and
Muc2. Notably, NKX6.3 functions as a transcription
factor for SOX2, CDX2, and TWSG1 genes by directly
binding to their promoter regions. In immunofluor-
escence assay, NKX6.3 expression was not observed
in gastric glands with intestinal metaplasia. Further-
more, NKX6.3-induced TWSG1 inhibited BMP4-
binding activity to BMPR-II by directly binding to
BMP4. Therefore, we conclude that loss of NKX6.3, a
key regulator of gastric differentiation, leads to
transdifferentiation of gastric epithelial cells to an
intestinal phenotype. It is plausible that modulating
NKX6.3 activity could significantly impact the
development of novel treatments, which will
ultimately result in achieving the goal of gastric
intestinal metaplasia recovery and gastric cancer
prevention.
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