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Caudal type homeoboxes as a driving force in Helicobacter pylori infection- 
induced gastric intestinal metaplasia
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ABSTRACT
Helicobacter pylori: (H. pylori), a common pathogenic bacterium in the stomach, has been 
demonstrated to be a major cause of gastric cancer (GC). The typical pathological evolution of 
H. pylori infection-induced GC involves development from gastric atrophy, via intestinal metaplasia 
(IM) and dysplasia, to intestinal-type GC. During this process, IM is considered to be an “irreversible 
point” that significantly increases the risk for GC. Therefore, the elucidation of the mechanism 
underlying IM is of great significance for the prevention and treatment of gastric mucosal carcino-
genesis associated with H. pylori infection. Caudal type homeoboxes (CDXs) are transcription factors 
involved in intestinal differentiation establishment and the maintenance of normal intestinal 
mucosa and IM. H. pylori infection increases the expression of CDXs through epigenetic regulation, 
the nuclear factor-kappaB signaling pathway and its downstream proinflammatory factors, and the 
transforming growth factor-beta signaling pathway, leading to the progression from normal gastric 
mucosa to IM. However, the precise mechanisms of gastric intestinal metaplasia have not yet been 
fully elucidated. In this review, we focus on research progress revealing the functions of CDXs in 
H. pylori infection-induced IM, as well as the regulators modulating this process.
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Introduction

The most recent epidemiological data indicated 
that gastric cancer (GC) remains the fifth most 
frequently diagnosed cancer and the third leading 
cause of cancer-related deaths worldwide.1 The 
prognosis of patients with advanced GC remains 
poor and there are no efficient treatment strategies, 
imposing an enormous global disease and eco-
nomic burden. Therefore, it is of great importance 
to elucidate the mechanism of gastric carcinogen-
esis and to develop an effective strategy for the 
primary prevention and treatment of GC. 
H. pylori infection is the leading pathogen causing 
infection-induced-cancers, accounting for 35.4% of 
all cases,2 and 90% of non-cardia GC cases have 
been attributed to H. pylori infection.3

H. pylori infection causes chronic active gastritis 
in all infected subjects, which can progress to gas-
tric atrophy, intestinal metaplasia (IM), dysplasia 
and ultimately GC in a subset of individuals. 
H. pylori acts as an “initiation factor” during the 
typical pathological evolution of GC.4 Although 

timely H. pylori eradication can significantly reduce 
gastritis and reverse gastric atrophy, it has no 
obvious effect on IM, suggesting that the IM may 
be an “irreversible point” in the pathological evolu-
tion of the gastric mucosa.5–8Therefore, detailed 
investigation of the mechanism of gastric mucosal 
IM is of great significance for the prevention and 
treatment of gastric mucosal carcinogenesis asso-
ciated with H. pylori infection.

Histologically, gastric intestinal metaplasia 
(GIM) involves replacement of the normal gastric 
epithelium with an epithelium resembling that of 
the intestine.9 The interplay of multiple risk factors 
has been associated with the development of GIM, 
including H. pylori infection, host genetic factors 
and other environmental factors (e.g., dietary 
habits, smoking and chronic bile acid reflux).10–14 

CDXs are intestine-specific transcription factors 
regulating the intestinal epithelial cell phenotype, 
which are mainly present in the small intestine and 
colon and are rarely expressed in the normal gastric 
mucosa.15 The expression levels of CDX1 and 
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CDX2 (CDX1/2) were shown to be significantly 
increased in gastric mucosal metaplastic lesions, 
and were closely related to H. pylori infection.16 

Therefore, understanding the complex regulatory 
mechanisms of CDXs could offer some insights 
into the pathogenic mechanisms contributing to 
IM and ultimately GC development. In this review, 
we focus on the functions of CDXs in H. pylori 
infection-induced IM, as well as the regulators 
modulating this process, which may help to identify 
novel targets for treatment.

Gastric intestinal metaplasia

Chronic mucosal inflammation eventually leads to 
the atrophy of multifocal glands, the loss of parietal 
cells, and a reduction in acid secretion. As atrophy 
progresses, mucin-containing goblet cells appear, 
representing the most prominent feature of IM.4 

As an intermediate lesion in the development of 
intestinal-type GC, GIM may represent a general 
repair mechanism that provides a protective barrier 
to the epithelium in response to acute mucosal 
injury. However, persistent gastric injury and 
chronic inflammation can increase the risk of GC.

Spasmolytic polypeptide-expressing metaplasia 
(SPEM) is another metaplastic phenotype of gastric 
mucosal metaplasia caused by chronic H. pylori 
infection that was proposed based on findings in 
GC animal models.17 SPEM and goblet cell IM are 
recognized precancerous lesions, that are closely 
related to the occurrence of GC.18 When the gastric 
mucosa responds to acute injury, parietal cells are 
lost, and then the mature chief cells transdifferenti-
ate to undergo SPEM, which occurs in the gastric 
fundus and corpus.17,19,20 The phenotype of SPEM 
is similar to that of the deep antral glands and 
Brunner’s glands in the duodenum with respect to 
the secretion of trefoil factor 2 (TFF2, also known 
as antispasmodic peptide) and mucin6 
(MUC6),21,22 as a repair response initiated by the 
body to promote gastric mucosal healing and 
recovery. SPEM was the main pathological change 
to the gastric mucosa observed in Mongolian ger-
bils infected with H. pylori,23 and mixed glands 
expressing SPEM and IM could be observed with 
the extension of the infection period by at least 
one year.17 In 2004, a cohort study found that 
SPEM was associated with early GC in Iceland.18 

To further clarify the relationship between SPEM 
and intestinal metaplasia, Goldenring et al.24 exam-
ined the morphological characteristics of SPEM 
and IM in gastric resections specimens containing 
SPEM and IM mixed glands, and they found that 
SPEM cells are located deep in the gland, and that 
the lineage of IM is located in the lumen of the 
gland. Through immunostaining for Ki67 and 
Muc2, they speculated that the SPEM phenotype 
could gradually transition to the IM phenotype, 
which means IM is not the only precursor/inter-
mediate of GC.

GIM is a recognized risk factor for intestinal- 
type GC. The Maastricht V/Florence Consensus 
Report indicated that H. pylori eradication could 
not effectively reverse GIM.25 Once GIM is estab-
lished, H. pylori eradication can only partially 
reduce the risk of GC development. GIM can be 
divided into complete IM and incomplete IM based 
on hematoxylin and eosin staining. Complete IM 
shows a similar histology to the small intestinal 
epithelium comprising mature absorptive colum-
nar cells, goblet cells, and Paneth cells with 
a brush border. By contrast, the histology of incom-
plete IM resembles that of the colonic epithelium, 
with goblet cells of various sizes and mucin- 
secreting columnar cells with no brush border evi-
dent. Based on mucin-based classification, incom-
plete IM is further subdivided into type II and type 
III IM according to specific staining patterns, in 
which type I GIM corresponds to complete IM. 
Therefore, the histopathological classifications of 
complete IM and incomplete IM are usually not 
mutually exclusive, and occasionally mixed features 
of complete and incomplete forms are observed, 
and are defined as “mixed, mainly complete” and 
“mixed, mainly incomplete”.26–28 A technical 
review by the American Gastroenterological 
Association combined the results of seven studies 
reporting data on the progression of GIM to dys-
plasia or cancer according to histologic subtype, 
demonstrating that patients with incomplete GIM 
had a 3.3-fold higher risk of developing GC than 
the risk for patients with complete GIM during the 
3–12.8 years of follow up.29 This finding suggested 
that incomplete IM might be of great clinical 
significance.30 However, due to the limitations of 
staining techniques, the lack of “best-practice” 
endoscopic and histological protocols for gastric 
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preneoplasia and a relatively limited body of litera-
ture supporting the prognostic value of GIM sub-
typing, histological typing is still underutilized in 
clinical practice.31 The underutilization is despite 
wide recognition that incomplete IM is associated 
with a higher risk of GC. Without accurate biomar-
kers, it is advisable to establish GIM histological 
classification criteria and to perform routine histo-
logical typing for early screening to promote GC 
prevention.31

From a histological perspective, incomplete IM 
is accompanied by the co-expression of intestinal 
mucin and gastric mucin, while complete IM is 
associated with de novo expression of intestinal 
mucin, but the loss of gastric mucin expression.32 

This difference is because, during the development 
of IM, there is a reduction in the gastric-specific 
transcription factor SRY-related high-mobility 
group box 2 (SOX2) and the ectopic appearance 
of intestinal-specific transcription factor CDXs. 
CDXs are the main regulatory genes for intestinal 
differentiation, and they play an important role in 
the development and maintenance of the intestinal 
epithelium. Much research has been conducted to 
explore the mechanism by which H. pylori regulates 
the ectopic expression of CDXs leading to the 
occurrence of GIM, and this research is reviewed 
in detail below.

Role of CDXs during intestinal development

The homeobox (HOX) gene was first isolated from 
Drosophila, and encodes an evolutionarily conserved 
transcription factor that plays an important role in 
embryo growth, differentiation and development.33 

The CDX proteins CDX1 and CDX2 belong to the 
ParaHox cluster of the HOX family, and they reg-
ulate the expression of intestine-specific proteins, 
including sucrase isomaltase,34 mucin2,35 KLF4,36 

and LI-cadherin,37 to promote columnar morpho-
genesis and an intestinal cell phenotype. CDX1/2 
show distinct expression patterns in the intestine. 
CDX1 expression is highest in the distal colon, 
whereas CDX2 expression is highest in the proximal 
colon; furthermore, the expression level of CDX1 
was shown to gradually increase along the crypt- 
villus axis, and was more abundant in the crypts 
than in the villi, whereas CDX2 was found to be 
uniformly expressed along the crypt-villus axis, but 

was differentially phosphorylated.16 In addition, 
neither CDX1 nor CDX2 is expressed in normal 
gastric and esophageal tissues.16,38 Structurally, 
CDX1/2 have a high degree of homology along 
with overlapping functions in regulating intestinal 
homeostasis and colon configuration in adults.39,40 

Several studies also showed that CDX1 and CDX2 
exhibit transcriptional specificity in the intestine to 
regulate the expression of certain specific genes:41–43 

intestinal alkaline phosphatase (an enterocyte differ-
entiation marker gene regulated by CDX1) and the 
apical sodium-dependent bile acid transporter 
(involved in bile acid absorption and regulated by 
CDX1/2).

Roles of CDXs in H. pylori-induced GIM

Immunohistochemical analyzes of tissue samples 
from patients and animal models with GIM 
revealed that abnormal expression patterns of 
CDX1/2 were observed in animals and human 
GIM,44–46 and their expression levels were closely 
related to the IM grade of the corpus,38,47 indicating 
that CDX1/2 may play an important role in the 
development of GIM. Transgenic animals con-
firmed the causal links between the ectopic expres-
sion of CDX1/2 and gastric epithelial 
transdifferentiation.45,48 When the gene fragment 
of Cdx1/2 is inserted after the H+/K+ ATPase pro-
moter, the parietal cells express Cdx1/2 specifically. 
Therefore, CDX2 is ectopically expressed in the 
gastric body rather than the gastric antrum. The 
results showed that the gastric mucosa of Cdx1/2 
transgenic mice was replaced by intestinal epithe-
lium after approximately 8 months. Moreover, 
Mutoh et al.48 confirmed that GIM induced by 
CDX1 was different from that induced by CDX2 
in terms of differentiation, structure and prolifera-
tion. H. pylori infection is closely related to GIM 
formation. H. pylori infection can induce the 
expression of CDX1/2 in the gastric mucosa and 
their expression levels in H. pylori-positive patients 
are significantly higher than those in patients with-
out H. pylori infection.47 In vitro, the expression 
level of CDX2 increased in GC cell lines infected by 
H. pylori, and abnormal expression of CDX1 was 
induced by infection with CagA-positive H. pylori 
strains.49,50 In addition, some studies indicated that 
the CDX2 expression level will decrease after 
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H. pylori eradication prior to the development of 
GIM.51,52 However, a prospective study showed 
that H. pylori eradication had no significant effect 
on GIM development.53 According to these lines of 
evidence, it can be concluded that the high expres-
sion of CDX1/2 in the stomach is related to 
H. pylori infection and GIM, but their specific 
roles require further clarification.54

Eda et al.55found that CDX2 could be detected in 
patients with chronic gastritis and that the expres-
sion of CDX2 preceded that of CDX1 during the 
progression of IM. Similarly, Satoh et al.56also 
observed CDX2 expression in the gastric epithe-
lium of H. pylori-infected patients, with or without 
obvious IM. In Cdx2-transgenic mouse GIM 
lesions, transgenic Cdx2 induced endogenous 
Cdx1 expression through the binding of Cdx2 to 
the unmethylated Cdx1 promoter region,57 which 
can potentially explain why CDX2 tends to be 
expressed before CDX1 and further suggests that 
CDX2 might act as a trigger for the development 
of IM.

Yeoh et al.58 first proposed that the CDX2 expres-
sion level progressively decreased in human GIM, 
dysplasia and GC, and the expression level of CDX2 
in incomplete IM was found to be significantly lower 
than that in complete IM. Reverse transcription- 
polymerase chain reaction analysis of CDX1/2 
genes in 270 tissue specimens including 90 patients 
with GC, 90 patients with dysplasia, and 90 normal 
control subjects, showed that the expression level of 
CDX1 in the dysplasia group was significantly higher 
than that in the control group, and the expression 
level of CDX1/2 in the GC group was significantly 
higher than that in the normal control group.47

Wang et al.59carried out a meta-analysis of 
published literature, which first proposed that 
CDX2 overexpression was significantly asso-
ciated with sex, a lower clinical stage, tumor 
differentiation, and a lower rate of vascular inva-
sion and lymph node metastasis, as well as 
a higher 5-year survival rate. Analyses of pub-
licly available databases (Kaplan-Meier plotter 
and The Cancer Genome Atlas) showed that 
GC patients with higher levels of CDX expres-
sion had significantly better clinical outcomes.60 

In vitro, the overexpression of CDX2 inhibited 
the growth and invasion of GC cells (MKN45 
cells) and reversed epithelial-to-mesenchymal 

transformation (EMT). In vivo, tumorigenicity 
experiments further confirmed the inhibitory 
effect of CDX2 on the growth and EMT of GC 
xenografts in nude mice61. The overexpression 
of CDX2 caused the cell cycle to stall at G0/G1, 
and the GC cells could not enter the next phase, 
thereby inhibiting their proliferation. In general, 
we speculate that CDX2 may have opposing 
roles in different stages of gastric oncogenesis. 
In the early stage of H. pylori infection, CDX2 
acts as an oncogene to drive the transdifferentia-
tion of the gastric epithelial phenotype into the 
intestinal epithelial phenotype. In the late stage 
of infection, the intestinalized gastric mucosa 
further progresses to dysplasia and GC, and 
CDX2 inhibits the invasion and growth of GC 
as it is a tumor suppressor gene. However, 
further clinical studies are still needed to 

Figure 1. The regulation of CDXs in GIM induced by NF-κB 
signaling pathway and pro-inflammatory cytokines. H. pylori 
injects the oncoprotein CagA into gastric epithelial cells using 
a type IV secretion system (T4SS) to activate the NF-κB signaling 
pathway. NF-κB activation induces the release of the pro- 
inflammatory cytokine IL-6, and IL-6 binds to its specific receptor 
gp130, activating two major signaling pathways: SHP-2/ERK and 
JAK/STAT. CagA can also affect the signal transduction of gp130 
regulation, and the resulting biological effect depends on the 
tyrosine phosphorylation status of CagA. Moreover, the SHP2/ 
ERK and JAK/STAT signaling pathways are considered to play 
opposite roles in gastric epithelial cells.
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confirm the role of CDX2 in clinical practice 
and the exact prognostic significance of CDX2 
in patients with GC.

Regulation mechanism of CDXs in GIM induced 
by H. pylori

Epigenetic regulation of CDX1/2

H. pylori induces chronic inflammation and IM 
through genetic and epigenetic changes that induce 
the activation of intracellular signaling pathways. 
Rau et al.62 investigated epigenetic changes in CDXs 
during the development of intestinal-type GC, 
revealing that the CDX1 promoter methylation 
level was reduced during H. pylori gastritis and 
IM; it reached the lowest level in dysplasia. When 
further developed into GC, the CDX1 promoter 
methylation level rose again. Moreover, NF-κB sig-
naling activated CDX1 expression by directly bind-
ing to its unmethylated promoter, initiating gastric 
mucosal transdifferentiation. Their findings sug-
gested that the CDX1 methylation pattern from 
low-grade to high-grade lesions may be a suitable 
predictive biomarker of GC, and CDX2 promoter 
methylation did not affect its transcription. In addi-
tion to the level of methylation that affects the 
expression of CDXs, CDX autoregulation also 
plays an important role in CDXs. CDX2 directly 
activates its own transcription by binding to its own 
promoter, and it maintains endogenous expression 
in IM lesions in human and mouse intestines.63 

CDX1 can also automatically regulate its own 
expression, but does not directly bind to its own 
promoter; instead, the complex formed by the 
interaction of CDX1 and LEF1 (a nuclear effector 
of Wnt signaling) binds to the Lef/TCF response 
element on the CDX1 promoter to initiate 
transcription.64 Such autoregulation of CDXs may 
partially explain the irreversibility of GIM; thus, 
interference with the autoregulation of this IM 
loop may be an effective strategy for GC preven-
tion. Ectopic expression of CDX1 conferred gastric 
epithelial cells with an intestinal phenotype via the 
induction of the stemness-associated reprogram-
ming factors SALL4 and KLF5.65 Relatively few 
studies focus on the effect of H. pylori infection 
on CDX1 expression compared to those focused 
on CDX2 expression. Therefore, we further discuss 

research progress on the detailed regulatory 
mechanism of CDX2 by H. pylori.

NF-κB signaling pathway and pro-inflammatory 
cytokines

The NF-κB signaling pathway is an inflammatory- 
related signaling pathway that plays an important 
role in the progression from gastritis to GC. 
H. pylori can activate NF-κB in the gastric mucosa 
through Cag pathogenicity island (PAI)-dependent 
and CagPAI-independent pathways. As the main 
virulence factor of H. pylori, CagA translocates to 
the cytosol and leads to the activation of the NF-κB 
signaling pathway by the type IV secretion system 
(T4SS).66 During the activation of CagPAI- 
independent pathways, other components of 
H. pylori (e.g. vacuolating cytotoxin,67 

peptidoglycan,68 urease,69 and outer membrane 
proteins70) can interact with corresponding 

Figure 2. The regulation of CDXs in GIM induced by 
Transforming growth factor-beta (TGF-β) signaling path-
way. H. pylori infection promotes the phosphorylation of 
SMAD1/5/8 and forms a complex with SMAD4, the complex is 
further transferred from the cytoplasm to the nucleus to regulate 
the transcription of CDX2. RUNX3 is also involved in the regula-
tion of CDXs, abnormal cytoplasmic localization of RUNX3 caused 
by phosphorylation prevents it from exerting biological effects.
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receptors or targets to activate the NF-κB signaling 
pathway. NF-κB activation induces the release of 
pro-inflammatory cytokines, such as tumor necrosis 
factor-α, interleukin (IL)-1β, and IL-6.71–73 These 
pro-inflammatory mediators supported cell growth 
and proliferation by activating cellular signal 
transduction.74

IL-6 is well known to play a role as a tumorigenic 
factor in GC,75–78 and higher serum IL-6 levels are 
independent predictors of a poor prognosis in 
patients with GC.79,80 IL-6 binds to the alpha sub-
unit of its specific receptor and to the gp130 homo-
dimer on the cell membrane,81 and it activates two 
major signaling pathways: SHP-2/ERK and JAK/ 
STAT.82,83 The SHP2/ERK and JAK/STAT signal-
ing pathways are considered to play opposing roles 
in gastric epithelial cells, and their balance main-
tains the homeostasis of the gastrointestinal 
mucosa. H. pylori infection disturbs the balance 
between the SHP-2/ERK pathway and the JAK/ 
STAT pathway, thereby inducing subsequent 
pathological changes.84 STAT3 promotes the 
growth or migration of epithelial cells and plays 
a role as a cancer-promoting factor in GC. 
Although the current view is that the SHP2/ERK 
signaling pathway is mainly a proliferation 
pathway,85 ERK signaling was found to play 
a greater role in inhibiting proliferation and indu-
cing cell differentiation in the gastric mucosa of 
a gp130.757, knock-in mutant mouse model, which 
prevents gp130-mediated SHP2 signaling, so that 
the balance tilts toward the STAT3 pathway, lead-
ing to the development of GC86 Bolós et al.87 found 
that two signaling pathways in MKN45 cells were 
activated after IL-6 stimulation, which coopera-
tively promoted the expression of CDX2.88 When 
IL-6 stimulates the CDX2 promoter of another GC 
cell line, NUGC-4, to release c-JUN, a member of 
the activation protein-1 transcription factor family 
regulating the last step of the SHP-2/ERK pathway, 
the c-JUN then combines with p-STAT3 to activate 
the JAK/STAT pathway to enhance CDX2 
expression.87 These studies demonstrated that the 
SHP-2/ERK/MAPK signaling pathway has different 
regulatory effects on CDX2 in different cell types, 
and the specific mechanisms by which these effects 
occur are not completely clear.

In addition to IL-6 binding to human gastric 
mucosal gp130, the H. pylori virulence factor 

CagA can also affect the signal transduction of 
gp130 regulation in epithelial cells, and the result-
ing biological effect depends on the tyrosine phos-
phorylation status of CagA.89 Phosphorylated 
CagA was shown to preferentially activate the 
SHP2/ERK pathway, inducing cell morphological 
changes and cell growth inhibition, whereas non- 
phosphorylated CagA preferentially activates the 
JAK/STAT pathway to promote cell migration.89 

In summary, the SHP2/ERK/MAPK and JAK/ 
STAT signaling pathways may play a crucial role 
in CDX2 regulation and are closely related to the 
occurrence of GIM and GC (Figure 1).

H. pylori infection triggers the body’s innate 
immune response to resist further damage to the 
gastric mucosa, and Asano et al.90 found that the 
bacterial pattern recognition molecule nucleotide- 
binding oligomerization domain 1 (NOD1) could 
attenuate the expression of CDX2 in H. pylori- 
infected gastric epithelial cells through the activa-
tion of the NF-κB signaling pathway inhibitor 
TRAF3. NOD1-deficient H. pylori-infected mice 
further indicated this causal relationship based on 
decreasing TRAF3 expression levels, increased 
CDX2 expression levels, and eventual development 
of GIM.

Transforming growth factor-beta (TGF-β) signaling 
pathway

Bone morphogenetic protein (BMP)is the largest 
subfamily of the TGF-β growth factor superfamily, 
which controls several essential biological pro-
cesses, such as mesoderm formation, nervous sys-
tem differentiation, dental and skeletal 
development, and carcinogenesis, by regulating 
the activity of a series of downstream genes.91 The 
BMP pathway also plays a key role in gastrointest-
inal development and maintaining tissue homeos-
tasis in adults. Mutations in the BMP pathway can 
cause juvenile polyposis, leading to the loss of 
intestinal differentiation and the appearance of gas-
tric differentiation in the intestine,92,93 as demon-
strated in mice with mutated BMP signaling 
pathways.94 TGF-β signaling is mainly achieved 
by activating Smad protein. In 2008, Almeida et al.95 

first reported that the BMP pathway was active in 
IM, and the key proteins in this pathway (BMP2 
and BMP4) co-localized with CDX2. The same 
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group further proved that H. pylori infection could 
activate the BMP signaling pathway, as demon-
strated by the increased expression levels of 
BMP2, SMAD4 and pSMAD1/5/8 and increased 
interaction with SMAD4, to eventually upregulate 
CDX2 expression concomitantly with SOX2 
downregulation.95

The Smad complex must be guided by the Runt- 
related transcription factor gene (RUNX) protein 
(including the RUNX3 protein) before it can be 
transferred from the cytoplasm to a specific target 

site. The Smad complex must co-transcribe and 
activate target genes with the RUNX protein, 
thereby affecting cell differentiation, cell cycle reg-
ulation, apoptosis and tumorigenesis. RUNX3 is an 
important transcription factor downstream of the 
TGF-β signaling pathway as a tumor suppressor 
gene for GC.96 In the progression of GC, RUNX3 
can also undergo epigenetic changes. Low expres-
sion of RUNX3 caused by RUNX3 
hypermethylation97 and abnormal cytoplasmic 
localization of RUNX3 were observed in most IM 
patients with H. pylori infection, which is related to 
Src-mediated tyrosine phosphorylation, cytoplas-
mic RUNX3 cannot enter the nucleus and exert 
biological activity.98 Ito et al.99found that the gastric 
epithelium of Runx3−/- mice was transformed by 
SPEM, demonstrating MUC6 and TFF2 expression, 
and the expression of Cdx2 was detected in the 
metaplastic area. This evidence indicates that the 
inactivation of RUNX3 may promote the expres-
sion of CDX2 and accelerate the formation of IM 
(Figure 2).

CDX2 targets sonic hedgehog (Shh), instead of 
SOX2, to induce GIM development

SOX2 and CDX2 expression have been reported to 
be directly negatively correlated, suggesting that 
CDX2 might induce GIM by decreasing SOX2 
expression.100–102 However, Mutoh et al.103 found 
that SOX2 expression remained stable in Cdx2- 
transgenic mice with stomach-specific expression 
of Cdx2. This implied that SOX2 is not 
a downstream target gene of CDX2, and that ecto-
pic CDX2 expression and low SOX2 expression in 
the stomach may affect GIM independently. 
Previous studies have shown that H. pylori could 
downregulate SOX2 expression through the IL-4/ 
STAT6 signaling pathway. Hence, the interaction 
between CDX2 and SOX2 in lesions of human GIM 
deserves further exploration.

The loss of Shh expression has also been 
observed in the mucosa of Cdx2 transgenic mice 
with GIM,103 which was proven to be caused by 
the binding of Cdx2 to the unmethylated Shh 
promoter.104 Shh, as a morphogen, is involved in 
the differentiation of the gastric fundus glands in 
mice and human adults.105 Shh is secreted by the 
parietal cells of the gastric fundus glands to repair 

Figure 3. The role of CDXs in GIM: The regulation of CDXs in 
GIM induced by H. pylori. H. pylori injects the oncoprotein CagA 
into gastric epithelial cells using a type IV secretion system 
(T4SS) to activate the NF-κB signaling pathway. NF-κB activation 
induces the release of the pro-inflammatory cytokine IL-6, and 
IL-6 binds to its specific receptor gp130, activating two major 
signaling pathways: SHP-2/ERK and JAK/STAT. CagA can also 
affect the signal transduction of gp130 regulation, and the 
resulting biological effect depends on the tyrosine phosphoryla-
tion status of CagA. Moreover, the SHP2/ERK and JAK/STAT 
signaling pathways are considered to play opposite roles in 
gastric epithelial cells, and SHP-2/ERK signaling plays a greater 
role in inhibiting proliferation and inducing cell differentiation in 
the gastric mucosa. H. pylori infection can activate the BMP 
pathway to upregulate CDX2 expression concomitantly with 
SOX2 downregulation. RUNX3 is also involved in the regulation 
of CDXs. Furthermore, the autoregulation of CDXs maintains 
their expression in GIM. In summary, H. pylori infection is respon-
sible for increasing the levels of intestinal-specific transcription 
factors and decreasing the levels gastric-specific transcription 
factors, which contribute to the development of GIM.
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damage to the gastric epithelium.106 With the loss 
of parietal cells, the secretion of Shh also 
decreases. The gastric mucosa of Shh-null mice 
showed epithelial hyperplasia and alkaline phos-
phatase expression, representing a state of intest-
inal epithelial differentiation.105 In the early stages 
of infection, an increase in Shh expression, 
observed in H. pylori infection of gastric orga-
noids, was regulated by activation of the NF-κB 
signaling.107 The significance of the promotion of 
Shh expression can be understood as the promo-
tion of the healing of gastric mucosal injury. 
When inflammatory injury is further exacerbated 
to the stage of chronic atrophic gastritis and GIM, 
complete loss of parietal cells is accompanied by 
a loss of Shh expression.108,109 The eradication of 
H. pylori could improve the inflammatory status 
of gastric mucosa in subjects, as evidenced by an 
increase in serum pepsinogen I levels along with 
an increase in Shh expression and a decrease in 
CDX2 expression.52 Collectively, this evidence 
indicates that in addition to activating the de 
novo expression of intestinal mucin, CDX2 can 
directly downregulate Shh expression to weaken 
the repair function of the gastric epithelium, and 
low levels of SOX2 reduce the secretion of gastric 
mucin to play a synergistic role, leading to the 
transformation of the normal gastric mucosa into 
the IM phenotype.

Conclusions and Future Perspectives

Early eradication of H. pylori can provide 
a fundamental solution to prevent GC caused by 
H. pylori infection. However, when gastric mucosal 
lesions progress to IM, H. pylori eradication does not 
effectively prevent the transition to tumor develop-
ment. H. pylori infection is responsible for increasing 
the levels of intestinal-specific transcription factors 
and decreasing gastric-specific transcription factors, 
which contribute to the development of GIM 
(Figure 3). The metaplastic expression of CDXs in 
the stomach is closely related to inflammatory sti-
muli. Therefore, the elucidation of the regulatory 
mechanism of CDXs in GIM caused by H. pylori 
infection will contribute to the development of 
further targeted therapies for early intervention and 
treatment strategies for GC. Simultaneously, the 
establishment and dissemination of GIM endoscopic 

and histological protocols along with histological 
typing criteria are urgently needed to improve risk 
stratification for GC.
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