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Abstract: Gastric cancer is a leading cause of cancer-related death, and a large proportion of cases
are inseparably linked to infections with the bacterial pathogen and type I carcinogen Helicobacter
pylori. The development of gastric cancer follows a cascade of transformative tissue events in an
inflammatory environment. Proteases of host origin as well as H. pylori-derived proteases contribute
to disease progression at every stage, from chronic gastritis to gastric cancer. In the present article,
we discuss the importance of (metallo-)proteases in colonization, epithelial inflammation, and barrier
disruption in tissue transformation, deregulation of cell proliferation and cell death, as well as
tumor metastasis and neoangiogenesis. Proteases of the matrix metalloproteinase (MMP) and a
disintegrin and metalloproteinase domain-containing protein (ADAM) families, caspases, calpain,
and the H. pylori proteases HtrA, Hp1012, and Hp0169 cleave substrates including extracellular
matrix molecules, chemokines, and cytokines, as well as their cognate receptors, and thus shape the
pathogenic microenvironment. This review aims to summarize the current understanding of how
proteases contribute to disease progression in the gastric compartment.
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1. Introduction

Cancer is a leading cause of premature death in 127 countries, and if current numbers
and trends continue, cancer could overtake cardiovascular disease in this century [1].
Among all common cancer types, stomach cancer accounted for 5.6% of all new cancer cases
and 7.7% of cancer-related deaths in 2020 [2]. Gastric cancer appears as two pathological
variants. The diffuse type is characterized by the development of linitis plastica and is
associated with an unfavorable prognosis due to a heritable loss-of-function mutation of
the E-cadherin gene CDH1. The intestinal type of gastric cancer is mainly considered as
an infectious disease, since persistent colonization with the human pathogen Helicobacter
pylori (H. pylori) has been discovered as the main cause. Although erosive gastritis can
be caused by stress, alcohol, or chemical drugs, up to 89% of non-cardia gastric cancers
are attributable to H. pylori infection [3]. Several infections are associated with cancer
development, however, it was estimated that out of 2.2 million infection-attributed cancer
cases diagnosed worldwide, H. pylori was the primary cause of 810,000 cases in 2018 [4].

A major problem in gastric cancer therapy is late diagnosis, as the early stages of
gastric cancer are usually clinically asymptomatic. H. pylori-mediated, inflammation-driven
gastric cancer development is a multistep process taking decades and is described as the
“Correa cascade”. It is characterized by a prolonged precancerous process with well-defined
sequential stages initiated by chronic active gastritis, chronic atrophic gastritis, intestinal
metaplasia, and dysplasia, which can finally result in invasive carcinoma [5,6]. Intensive
research has revealed a large set of different pathogenic factors originated from H. pylori
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that induce a complex network of molecular and cellular mechanisms leading to H. pylori-
mediated inflammatory responses, and subsequently, carcinogenesis, which have been
summarized recently in excellent review articles [7–10].

Awareness of the importance of proteases in gastric cancer has increased in recent
years. Different types of proteases, including a number of (matrix) metalloproteases,
serine proteases, collagenases, and so on, derived from either the epithelium, the immune
cell infiltrate, or H. pylori are involved in numerous pathogenesis-associated signaling
pathways. They contribute to the release of signaling molecules, cleavage of cell surface
proteins, and modulation of the extracellular matrix to ensure successful colonization of
the gastric epithelium and foster subsequent pathologic events [11,12]. These processes
involve the immediate early pro-inflammatory response, the loss of the epithelial integrity,
or the induction of the epithelial-mesenchymal transition (EMT) and cancerogenesis in the
polarized epithelium.

2. The Role of Proteases in H. pylori Colonization and Mucosal Inflammation

A high percentage of gastric adenocarcinomas (GACs) are linked to H. pylori infection
or autoimmune gastritis, and thus GAC is considered a paradigm of inflammation-driven
carcinogenesis [13–15]. Although the pathogenicity of intestinal-type and diffuse-type
carcinoma differs also in their correlation with H. pylori colonization [16], both are associated
with genetic predispositions in a number of inflammatory mediators [17].

The importance of bacterial and host proteases for a successful epithelial colonization
by H. pylori has been investigated in a number of studies. The epithelial lining of the stom-
ach is covered by a thick mucus layer, which facilitates transport of chyme and provides
protection of the stomach tissue against chemicals and pathogens. Despite initial studies
reporting the existence of an unknown H. pylori protease that softens mucus and supports
colonization, no definite mucinase has yet been identified in H. pylori [18,19]. However,
motility through the dense mucus layer is accomplished by altering the viscoelastic prop-
erties via pH and urease-dependent mechanisms [20]. Amongst H. pylori proteases, the
expression and secretion of the collagenase Hp0169 was shown to be a prerequisite for
bacterial colonization in vivo [21]. Hp0169 was described to act as a true collagenase able
to degrade native triple-helical type I collagen in the ECM and facilitate bacterial adher-
ence [21]. A significant role of the collagen and extracellular matrix in bacterial colonization
is supported by the fact that host proteases of the matrix-metalloproteinase (MMP) family
targeting collagen, such as MMP7 and MMP10, also affect H. pylori colonization levels
(Figure 1). A number of MMPs are upregulated and activated during H. pylori gastritis and
gastric cancer (cf. Sections 4 and 5). Interestingly, MMP10 supports colonization, whereas
MMP7 levels are inversely correlated with bacterial burden [22,23]. The opposite effect of
these host proteases could be linked to their association with the host immune response
and inflammation, rather than to their direct proteolytic activity in the tissue. Levels
of infiltrating B cells and T cells, and in particular Th1- and Th17-associated cytokines
like interferon gamma (Ifn-γ) and interleukin-17 (IL-17), are elevated in MMP7 knockout
mice [24]. On the other hand, in concert with IL-22, MMP10 fosters CD8+ T-cell-mediated
tissue inflammation, which aids H. pylori survival, and deletion of MMP10 is associated
with reduced tissue colonization [23].

In particular, ECM-targeting proteases are important determinants shaping the mi-
cromilieu and support the establishment of persistent H. pylori infections in a controlled
pro-inflammatory environment. Epithelial colonization with H. pylori has a strong impact
on the local tissue microenvironment [25]. In addition to the local inflammatory response in
the epithelium, epithelial mediators attract a massive immune cells infiltrate. Immigrating
neutrophils, macrophages, and lymphocytes drastically change the cellular composition
of the gastric mucosa [26,27]. In many cases, the literature does not identify the origin of
the individual factors that form the microenvironment, and it remains unclear whether the
factors are produced by the inflamed tissue, the newly recruited immune cell infiltrate, or
both. Despite particular ambiguities in the producing source, a clear increase in proteolyti-
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cally active (metallo-)protease levels is seen in the inflammatory microenvironment in the
gastric mucosa (Table 1). A disintegrin and metalloproteinase domain-containing protein
10 (ADAM10), -17, and -19 are upregulated in H. pylori-infected individuals, and ADAM9,
-12, -15, and -20 are deregulated in cancer biopsies [28–30]. Similarly, a variety of MMPs
are upregulated in vivo in H. pylori gastritis (MMP1, -8, -9, and -10) and in malignantly
transformed tissue (MMP2, -7, -9, -11, -12, -14) [31–37]. In vitro infection experiments
with gastric cancer cell lines support a direct regulation of MMP1, -3, -7, -8, -9, and -10 in
the epithelium in response to H. pylori infection [34,38,39]. The impact of the proteolytic
activities in the inflamed mucosa on the inflammatory tissue microenvironment is twofold.
First, direct effects on inflammatory mediators and cytokines are seen. ProTNF-α is canoni-
cally processed and shed from producing cells in an ADAM17-dependent manner [40,41],
but MMP1 and MMP7 have also been suggested as potential TNF-α sheddases [42,43].
ADAM17 also contributes to proTGF-α processing in H. pylori infections [44], whereas
MMP1 is involved in cleaving proIL-1β [42]. Other studies indicate that MMP7 dampens
the production of the cytokines IL-1β, MIP-1β, TNF-α, IP-10, RANTES, and IL-17, as
MMP7-deficient mice produced higher levels as compared to wild-type animals [22]. This
is in line with studies reporting overshooting inflammation in MMP7 knockout animals
and thus suggest a protective role of MMP7 in vivo [24]. Not only are cytokines affected by
proteolytic processing, but the chemoattractant potency of chemokines is also subject to
modification by targeted cleavage events. It has been demonstrated that CXCL5 and CXCL8
potency can be amplified in a gelatinase (i.e., MMP2 and -9)-dependent manner and results
in boosted neutrophil recruiting, whilst other chemokines such as CXCL1 are inactivated
by cleavage [45,46]. A pronounced effect of the MMP10-CXCL16 axis was also observed
on the recruitment of a CD8+ T cell infiltrate [23]. Therefore, the proteolytic constituents
in the tissue microenvironment are influencing the inflammatory and chemo-attractive
properties at the site of inflammation [47]. In return, the resulting tissue microenvironment
governs protease production. For instance, the gelatinases MMP2 and -9 are upregulated in
a Th17 environment via IL-21 [48,49] and tissue levels of IL-1β are closely linked to MMP3
expression in vivo [50]. MMP7 production depends on gastrin [51], which is considered an
important mediator of gastric tumorigenesis [52]. In addition to cytokines and chemokines,
growth factor activity also is subject to regulation via protease-dependent mechanisms.
HB-EGF (heparin-binding EGF-like growth factor) shedding is observed in response to
ADAM17 activation [53], and MMP7 was also suggested as a HB-EGF sheddase [54].
HB-EGF as well as TGF-α activity results in epidermal growth factor receptor signaling,
which is associated with a local stimulation of cell proliferation [44,55]. Second, proteases
target the extracellular matrix in the inflamed tissue and thus aid the recruitment of an
immune cell infiltrate, which supports inflammation and contributes to pathogenic tissue
remodeling. Most prominently, the gelatinase MMP9 is correlated with tissue-infiltrating
macrophages [56]. The concerted action of proteases derived from the epithelium, infiltrat-
ing and activated immune cells, as well as H. pylori proteases foster disease progression.
MMP-dependent ECM remodeling is not only linked to inflammation but also directly
contributes to gastric ulceration [57,58]. Besides the abovementioned host proteases, the
H. pylori protease high temperature requirement A (HtrA) was suggested to contribute
to chronic inflammation, as the leucine 171 variant of HtrA was associated with higher
inflammation scores and elevated serum gastrin levels [59]. The authors speculate that
altered HtrA activity in the S171L HtrA variant could potentially mediate more efficient
migration over the epithelial barrier and thus influence inflammation and gastrin produc-
tion [59]. HtrA was originally discovered as a periplasmic serine protease and chaperone
with essential functions in H. pylori growth and survival [60–62]. As a secreted protease,
HtrA exerts important functions in the disintegration of the gastric epithelium via targeting
epithelial junctions (cf. Section 3).
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Figure 1. Proteases in colonization, epithelial inflammation, and epithelial barrier disruption. Col-
onization of the gastric tissue by H. pylori is positively (green) or negatively (red) affected by the
activity of several proteases of human or bacterial origin. Additionally, infection with H. pylori leads
to upregulation of proteolytic activities through elevated transcription levels of proteases in epithelial
cells, or through the enhanced immune cell infiltrate. These proteases from epithelial, immune
cell, or bacterial origin are directly involved in promoting mucosal inflammation and disruption of
the gastric epithelial barrier through their involvement in cytokine shedding, degradation of ECM
proteins, and opening of lateral cell–cell junctions.TJ, tight junctions; AJ, adherens junctions. Created
with BioRender.com.

Table 1. Proteases in colonization, epithelial inflammation, and epithelial barrier disruption.

Group/Protease Putative Target Importance

Colonization and Mucosal Inflammation

ADAM17 proTNF-α [53], TGF-α [44]
pro-inflammatory [44,53] response transcriptional repression of the

gastric H, K–adenosine triphosphatase α-subunit, reduced acid
production [63]

MMP1 (collagenase-1) proTNF-α, proIL-1β [42] pro-inflammatory effect [64]

MMP2 (gelatinase A) CXCL5 [46] neutrophil recruitment [46], upregulated via IL-21 [48,49]

MMP7 (matrilysin-1) proTNF-α [65]
HB-EGF [51,54]

reduced inflammation, dampens the production of the cytokines [22],
immune cells infiltration [24]

MMP9 (gelatinase B) CXCL5 [46]
neutrophil recruitment [45,46], upregulated via IL-21 [48,49],

macrophages infiltration [56], pro-inflammatory and
anti-inflammatory activity [64]

MMP10 (stromelysin-2) supports bacterial colonization, fosters tissue inflammation,
recruitment of T cells [23]

Hp0169 Type I collagen colonization of Mongolian gerbils [21]

HtrA chronic inflammation [59]
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Table 1. Cont.

Group/Protease Putative Target Importance

Impairment of Junctional Integrity and Epithelial Barrier Function

ADAM10 E-cadherin [66] loss of AJ [66], stem-like phenotype in cancer stem cells and supports
anchorage independent growth [67]

ADAM15 E-cadherin [68]
desmoglein-2 [69] impaired cell adhesiveness [69]

ADAM17 desmoglein-2 [69] impaired cell adhesiveness [69], stem-like phenotype in cancer stem
cells and supports anchorage independent growth [67]

MMP2 (gelatinase A) Occludin [70] increase in epithelial or endothelial permeability [70]

MMP3 (stromelysin-1) E-cadherin [71] disintegration of cell-cell junctions, destabilization of cell-ECM
interactions [72]

MMP7 (matrilysin-1) E-cadherin [51,71,73] abnormal cell aggregation and increase in cells invasiveness [64]

MMP9 (gelatinase B)
Occluding [74]
E-cadherin [75]

desmoglein-2 [76]
impaired cell adhesiveness [76]

MMP14 (MT1-MMP) E-cadherin [77] adhesion reduction [64]

Hp1012 JAM-A [78] impaired barrier function, reduced intercellular adhesion and
increased invasive potential of epithelial cells [78]

HtrA
E-cadherin [79,80]
desmoglein-2 [80]

occludin, claudin [81]
disruption of intercellular junction access to basolateral space [79–81]

caspase-3 E-cadherin [82,83]
desmoglein-2 [84]

calpain E-cadherin [85]
desmoglein-2 [86]

Acute H. pylori infection induces hypochlorhydria, which facilitates the colonization
by the bacteria. In chronic infections, corpus-predominant colonization and pan-gastritis
results in acid hypo-secretion, whilst antrum-predominant gastritis is often associated with
acid hyper-secretion [87,88]. The reduction in acid production in H. pylori infections was at
least partly attributed to an ADAM17-dependent transcriptional repression of the gastric
H, K–adenosine triphosphatase α-subunit [63].

3. Proteolytic Impairment of Junctional Integrity and Epithelial Barrier Function

The gastric mucosal epithelium represents one of the main contact areas with the
outside world and provides an effective protective barrier, which is characterized by a high
order of 3D organization and cellular polarization. It features numerous glands and pits
and a defined distribution of the various cell types specialized in fulfilling these complex
requirements. Besides mucus-secreting cells, specialized cells such as parietal cells, chief
cells, and entero-endocrine cells mediate the production of gastric acid, the production
and secretion of digestive and antimicrobial enzymes, and hormones, respectively [89–91].
A prerequisite for the integrity and maintenance of the gastric epithelial barrier is the
maintenance of cell polarity facilitated by several adhesive cell–cell connections, including
tight junctions (TJ), adherens junctions (AJ), and desmosomes [92] (Figure 1). Structurally,
these junctions consist of transmembrane proteins as central key molecules that mediate the
intercellular adhesion and form intracellular protein complexes to stabilize the junctions
and link them to the actin cytoskeleton. They control several important signal transduction
pathways involved in inflammation and carcinogenesis [93–97].

In healthy individuals, the maintenance of a functional epithelial barrier requires a
continuous cell turnover accompanied by homeostatic changes in intercellular junction
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proteins [98]. In recent years, it became evident that proteolytic impairment of barrier
functions is strongly linked to the disease progression in gastric cancer pathogenesis.
This has been demonstrated for deregulated host proteases and proteases expressed by
pathogenic bacteria such as H. pylori.

TJs are crucial for maintaining apical-basolateral cell polarity and are responsible
for the regulation of paracellular permeability. TJs are a network of proteins at the lat-
eral cell surface of epithelial cells, including claudins, occludin, the junctional adhesion
molecule-A (JAM-A), and intracellular scaffold proteins, such as zonula occludens (ZO)
and tricellulin [99]. Recently, it has been shown that the four-span transmembrane TJ
proteins occludin and claudin-8 are cleaved in an extracellular loop during infection of
gastric epithelial cells with H. pylori. Cleavage of the two TJ proteins was attributed to
the secreted bacterial serine protease HtrA [81]. Cleavage of occludin and members of
the claudin protein family can also occur through upregulation of host proteases, such
as MMP2, MMP7, and MMP9, and is usually associated with an increase in epithelial or
endothelial permeability [70,74,100–103]. Although these proteases were shown to be in-
duced in response to H. pylori infection [39,65] and in gastric cancer tissue [104,105], a direct
role of these proteases in disruption of the gastric epithelium has not been established so far.
Recently, JAM-A has been described as a target of H. pylori, and Hp1012 was suggested as
the responsible protease. Although JAM-A is cleaved in response to H. pylori infection and
by a protein fraction also containing Hp1012, direct cleavage of JAM-A by the recombinant
protein was not shown. Nevertheless, the observed cleavage event in the intracellular
JAM-A c-terminus results in impaired barrier function, reduced intercellular adhesion, and
increased invasive potential of epithelial cells [78].

Beneath the TJs, AJs are located, in which the tumor suppressor E-cadherin represents
the adhesive core component. E-cadherin is a glycosylated transmembrane protein with
five extracellular cadherin-motifs, a single-pass transmembrane segment, and a short
conserved cytoplasmic domain, which interacts with β-catenin, plakoglobin (γ-catenin),
and p120-catenin. β-catenin also interacts with α-catenin that is linked to filamentous
actin. β-catenin is a proto-oncogene as it plays an important role in the Wnt signaling
pathway. Both β-catenin and p120-catenin exhibit a second role in the nucleus, where
they control transcription factors like Tcf/lef and Kaiso, which regulate the expression
of cancer-associated target genes, such as c-myc, cyclin D1, mmp7, and so on [106,107]. In
normal epithelial cells, E-cadherin is constantly shed at a low rate from the cell surface, in
the process of dynamic control of intercellular adhesions. However, aberrant ectodomain
shedding of E-cadherin was reported in various types of cancer and has been suggested
as a prognostic marker in gastric cancer [108,109]. Numerous soluble and membrane-
anchored host proteases have been associated with E-cadherin shedding, such as the
matrix metalloproteases MMP3, MMP7, MMP9, MMP14 [71,73,75,77], ADAM10, and
ADAM15 [68,110], which are upregulated in response to H. pylori infection [38,39,65,66,111]
and in gastric cancer tissue [104,105]. In addition to the induction of host proteases, H. pylori
also exerts direct effects on E-cadherin shedding mediated by the HtrA protease that cleaves
E-cadherin on infected gastric epithelial cells [79]. Apart from ectodomain shedding of
E-cadherin, intracellular cleavage events in E-cadherin were also shown to severely impair
epithelial integrity. In the context of H. pylori infections, upregulation of calpain and
caspase-3 induced intracellular E-cadherin cleavage, resulting in disintegration of the
E-cadherin/catenin complex and increased apoptosis of gastric epithelial cells [82,83,85].

Desmosomes represent the third major intercellular adhesion complex, and are lo-
cated beneath AJ in the polarized epithelium. In the gastric mucosa, the desmosomal
cadherins desmoglein-2 and desmocollin-2 represent the adhesive core components of
desmosomes [112]. Although downregulation of desmoglein-2 has been associated with
gastric cancer [113], not much is known about abnormal proteolytic cleavage of desmoso-
mal cadherins in the context of gastric cancer progression. Recently, H. pylori HtrA was
shown to directly cleave desmoglein-2 in the extracellular domain on gastric epithelial cells,
thereby inducing a soluble desmoglein-2 fragment [80]. A similar fragment was associ-
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ated with a compromised mucosal barrier function linked to matrix metalloproteases in
settings of intestinal inflammation [114,115]. Moreover, enhanced desmoglein-2 shedding
was associated with induction of MMPs, as well as ADAM9, ADAM15, and ADAM17,
and impaired cell adhesiveness in squamous cell carcinoma [69,76]. Although no direct
experimental evidence proves the impact of these proteases on desmosomes in gastric
cancer, similar mechanisms appear plausible due to the documented expression of these
proteases in response to H. pylori infection [30,116] and in gastric cancer [104,117].

Like the targeting of E-cadherin, intracellular cleavage of desmoglein-2 by caspases
or calpain has been associated with induction of apoptosis in the inflamed intestinal
epithelium [84,86]. Again, despite the lack of experimental data, it might be speculated
that increased activation of caspase-3 and calpain by H. pylori could enhance intracellular
desmoglein-2 cleavage and thus stimulate apoptosis in gastric epithelial cells.

Cleavage of TJ proteins, E-cadherin, and desmosome proteins locally opens intercel-
lular adhesions and thus allows transmigration of H. pylori to the basolateral and basal
domains of the polarized gastric epithelium [79,81]. Overcoming the epithelial barrier
and gaining access to basolateral integrin-β1 for the delivery of the bacterial oncoprotein
cytotoxin-associated gene A (CagA) is an integral disease mechanism in H. pylori-dependent
carcinogenesis [118]. Although ADAM10 is activated in H. pylori-infected cells and cleaves
E-cadherin [66], HtrA is the main E-cadherin protease in H. pylori infections [79,80].

Taken together, abnormal cleavage of junction proteins severely impairs the barrier
properties of the gastric epithelium. On the one hand, reduction of functional cell–cell junc-
tion complexes reduces intercellular adhesion, which is usually associated with increased
aggressiveness and invasiveness of carcinoma as it increases the migration and invasive
potential of epithelial cells [119,120]. In particular, loss of E-cadherin is a characteristic step
in epithelial-mesenchymal transition and, in the context of tumor progression, often plays
a causative role in malignant transformation [121] (cf. Section 5).

4. The Role of Proteases in Proliferation, Cell Survival, and Neoplastic Transformation

Proteolytic activities feed into proliferative and anti-apoptotic signaling pathways and
influence cell differentiation [122], and causal links between proteases and tumorigenic cell
transformation have even been drawn (Figure 2) [123]. However, the mutational burden in
gastric cancer does not point to specific protease-activated processes [124]. Nevertheless, a
tumor-promoting role for ADAM and MMP proteins is clearly established in many cancer
types, and their expression levels could serve as a prognostic marker in cancer (Table 2) [125].
In gastric cancer, MMP2, -3, -7, -9, -10, and -11 are upregulated in the course of disease
progression, of which MMP2, -3, -7, and -9 have been suggested to have prognostic value
for disease outcome [31,36,59,126–131]. MMP7 was shown to promote proliferation in
non-transformed epithelial cells [132]. A meta-analysis revealed ADAM17 as a significant
biomarker for poor prognosis in gastric cancer [133]. In contrast, beneficial effects of MMP12
expression have been discussed and expression levels were suggested to correlate inversely
with disease outcome [37,134]. MMP11 levels also correlate with IGF-1 expression and
IGF-1-stimulated proliferation [36,42]. Antibody-mediated inhibition of ADAM9 and -15
reduced in vitro proliferation of gastric cancer cell lines, whereas anti-ADAM12-treated cells
produced higher proliferation rates [117]. ADAM17 induces pro-survival signaling via the
EGFR signaling axis and protects from H. pylori-induced apoptosis. In this context, EGFR
kinase inhibitors could extenuate premalignant pathology in gerbil models [44,135,136].
Additionally, the shedding and release of TNF-α via ADAM17 and several MMPs changes
the balance between cell survival and apoptosis. [137]. Nevertheless the interrelation of
MMPs and cell survival is ambiguous, and the same MMPs can exhibit both pro-apoptotic
and anti-apoptotic activity [138].
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Figure 2. Proteases in EMT, tissue transformation, metastasis, and neoangiogenesis. EMT processes
and the balance between cell survival and proliferation is influenced by a number of host and H.
pylori proteases. At later stages of gastric cancer progression, proteases originating from H. pylori and
epithelial cells in concert with proteases derived from tumor-associated immune cells or fibroblasts
are directly involved in neoplastic transformation, as well as metastasis and neoangiogenesis. Created
with BioRender.com.

Table 2. Proteases in EMT, tissue transformation, metastasis, and neoangiogenesis.

Group/Protease Putative Target Importance

Neoplastic Transformation, Proliferation, and Cell Survival

ADAM9 and -15 gastric cancer cell lines proliferation [117]

ADAM10 Notch1 [67] stem-like phenotype in cancer stem cells and supports anchorage
independent growth [67]

ADAM12 decreases gastric cancer cell lines proliferation [117]

ADAM17 HB-EGF [53]
Notch1 [67]

reduces apoptosis [135], poor prognosis in gastric cancer [133], induces
pro-survival signaling via the EGFR [44,135,136], cancer stem like

phenotype, anchorage-independent growth [67]

MMP7 (matrilysin-1) promotes proliferation in non-transformed epithelial cells [132]

MMP12
(macrophage

metalloelastase)
inversely correlates with disease outcome [37,134]

caspase-3

executioner caspase, activation by caspase-8, -9, or -10 [139], activation
induced by H. pylori LPS and induced MMP9 [140], H. pylori induction of
anti-apoptotic proteins of the cIAP family to reduce caspase-3-dependent

apoptosis [141,142]

caspase-8
initiator caspase, limited proteolytic (including autocatalytic) activity,

engaged by death receptors, including tumor necrosis factor receptor 1
(TNFR1) and Fas/CD95 [139], TieA-protein-induced apoptosis [143]

HtrA
HtrA L171 variant was enriched in gastric cancer patients and may

increase efficiency in basolateral CagA delivery by H pylori and risk for
developing gastric cancer [59]
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Table 2. Cont.

Group/Protease Putative Target Importance

Epithelial-Mesenchymal Transition (EMT), Metastasis and Neo-Angiogenesis

ADAM10 E-cadherin [66,110]
c-Met [66]

E-cadherin cleavage induced EMT [144], c-Met-associated pro-oncogenic
signaling cascades [145,146]

ADAM17 EMT [147]

MMP2 (gelatinase A) invasive growth, angiogenesis [134,148–151], cell migration [152], cell
proliferation, migration of epithelial cells [64]

MMP3 (stromelysin-1)
SNAIL-dependent EMT [72], WNT-induced β-catenin signaling [153],

migration [152,154], invasion [154], angiostatin-like fragments, cell
proliferation, release of VEGF, upregulation of angiogenesis [64]

MMP7 (matrilysin-1)
EMT marker expression [51], migration and invasion capacity [65],

proliferation [132], cell differentiation, vasoconstriction and cell growth
[64]

MMP9 (gelatinase B)

invasive growth [134,148,155,156], angiogenesis [134,148,149,151,157],
tumor cell resistance [64], promoter allele Rs3918242 is associated with

metastasis [158], tumor-associated macrophages-derived MMP9
supports metastasis in gastric cancer [156]

MMP10 (stromelysin-2) invasion [38], migration [159], tumor-associated macrophages-derived
MMP10 promotes cell migration [159]

MMP11 (stromelysin-3) IGF1-dependent invasive potential of gastric cancer cells [160,161],
decreases cancer cell sensitivity to NK cells [64]

MMP12
(macrophage

metalloelastase)
angiogenesis [134,162]

MMP14 (MT1-MMP) cell migration, epithelial cell migration, adhesion reduction [64],
migration and invasion [163,164]

Anti-apoptotic function of MMPs can be executed by cleaving the Fas ligand, shedding
of tumor associated MHC complex class I-related protein, or activation of AKT/Protein
kinase B. The pro-apoptotic activity of MMPs is often connected to changes in ECM com-
position and cleavage of adhesion molecules [64]. H. pylori infection itself also interferes
with pro- and anti-apoptotic pathways. For instance, H. pylori TieA protein induced gastric
epithelial cell death via Fas- and caspase-8-mediated apoptosis [143]. Nevertheless, H.
pylori utilizes numerous strategies to reduce caspase-3-dependent apoptosis in infected
host cells, like the induction of anti-apoptotic proteins of the cIAP family [141,142]. On the
other hand, H. pylori LPS-stimulated MMP9 was shown to induce pro-apoptotic cleaved
caspase 3 and reduced cell survival [140].

In addition to the observed anti-apoptotic effects and the stimulation of cell prolifera-
tion, proteases like ADAM17 and ADAM10 imprint a cancer stem cell phenotype in cells by
shedding of Notch1, and thus support anchorage-independent growth [67]. Interestingly, a
variant of H. pylori HtrA displaying a leucine residue at position 171 was also enriched in
gastric cancer patients as compared to patients with non-ulcer dyspepsia and peptic ulcers.
It can be speculated that a higher efficiency in basolateral CagA delivery by H. pylori is
linked to a higher risk for developing gastric cancer [59].

5. Disease Progression in a Proteolytic Environment: Epithelial-Mesenchymal
Transition, Metastasis, and Neo-Angiogenesis

Epithelial-mesenchymal transition (EMT) is a process in which epithelial cells lose the
expression of epithelial traits and gain the expression of mesenchymal marker proteins. A
characteristic of EMT is the loss of epithelial marker proteins (E-cadherin, catenins, etc.)
expression either via transcriptional regulation, delocalization, or proteolytic degradation.
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In turn, the decreased E cadherin expression results in deregulated β-catenin signaling
and the stabilization of the mesenchymal phenotype via transcription factors of the SNAIL,
TWIST, and ZEB families [165]. H. pylori infection was suggested to induce an EMT-like
phenotype in a number of studies (recently reviewed in [166]), and E-cadherin expression
is frequently lost in premalignant metaplasia and early stages of gastric cancer [167], while
only a smaller fraction of gastric cancer samples expressed the mesenchymal marker protein
N-cadherin [168].

In fact, the proteolytic shedding of E-cadherin might contribute to the loss in epithelial
stability and cell identity well before the transcriptional down-regulation during EMT [169].
The formation of soluble E-cadherin fragments shows a strong oncogenic potential, as
these fragments can directly bind and activate receptor tyrosine kinases. Thereby, en-
hanced E-cadherin shedding is involved in induction of pro-oncogenic signaling pathways,
such as the PI3K-Akt-mTor pathway or the MAPK-Erk pathway, and results in tumor cell
growth, survival, and motility [68,170–173]. H. pylori infection also leads to the forma-
tion of two intracellular E-cadherin fragments, which are released into the cytosol [79].
Consequently, the intracellularly complexed β-catenin and p120-catenin are also released
from the complex [174]. Translocation of β-catenin and p120-catenin have been observed
in H. pylori-infected gastric epithelial cells as well. Once released from the E-cadherin
complex, β-catenin binds the Tcf/lef transcription factors in the nucleus and enhances the
transcriptional activity [175]. This effect is supported by nuclear p120-catenin binding the
transcriptional repressor of Kaiso to relieve suppressed MMP7 expression [176].

EMT processes in gastric cancer are invariably associated with an inflammatory tissue
microenvironment, and both factors synergize in unfolding the metastatic potential of
transformed cells (Figure 2) [177]. Importantly, several proteases, which are frequently
found in the gastritis- and gastric-cancer-associated tissue micromilieu, have been reported
to foster EMT processes via several pathways. ADAM10 contributes the shedding of E-
cadherin and c-Met [66]. Whilst E-cadherin cleavage clearly feeds into the mesenchymal
transition [144], the loss of c-Met expression impairs HGF reactivity of the cells and thus
reduces the malignant potential [178]. However, several studies suggest that H. pylori
stimulates c-Met-associated pro-oncogenic signaling cascades [145,146]. In gastric cancer
cell lines, EMT was critically dependent on ADAM17, and knockdown of ADAM17 was
able to reverse EMT transition by abrogating signaling via the TGF-β/Smad axis [147].
Besides TGF-β signaling, the insulin-like growth factor (IGF) signal transduction cascade
is crucially involved in EMT in gastric cancer [165,179], where MMP11 knockdown was
able to diminish IGF1 signaling and concomitantly reduced the invasive potential of gastric
cancer cells [160,161]. In vitro experiments using mammary epithelial cells showed that
MMP3 exposure was sufficient to induce SNAIL-dependent EMT [72]. Further, MMP3
is an important effector molecule in the induction of WNT-induced β-catenin signaling
during EMT [153]. Therefore, MMP3 has been suggested as a natural tumor-promoting
factor [180]. In parallel to the disintegration of cell–cell junctions, cell–ECM interactions
are also destabilized by proteases allowing invasive migration of transformed cells [72].
MMP7-dependent HB-EGF signaling was shown to reinforce EMT marker expression [51],
and MMP7 inhibition decelerated migration and inhibited the invasive capacity of AGS
cells [65]. The importance of ECM targeting enzymes for invasive growth and metastatic cell
migration is highlighted by the fact that many of the matrix-targeting MMPs are critically
involved in these processes [148]. The gelatinases MMP2 and -9 are crucial in invasion and
metastasis and in several tumor entities [134], and the MMP9 promoter allele Rs3918242
is associated with a higher risk of metastasis in gastric cancer [158]. The migration of
gastric tumor cell lines was also linked to MMP3, MMP9, and MMP10, which facilitated
cell migration over a Matrigel layer, an in vitro model for invasiveness of transformed
cells [38,154,155]. The membrane-type metalloproteinase MMP14 fosters migration and
invasion in vitro, while in vivo MMP14 expression levels positively correlate with lymph
node metastasis [163,164].
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As pointed out previously, the tumor microenvironment in general, and in particular,
the abundance of proteolytic enzymes is strongly influenced by other cell types, such as
infiltrating immune cells or cancer-associated fibroblasts (CAFs). CAF-derived MMP3,
secreted by tumor-associated myo-fibroblasts, is sufficient to promote AGS cell migra-
tion [152]. Similar observations have been made for MMP10 secreted by tumor-associated
macrophages (TAMs) [159]. In a recent study, TAM-derived MMP9 was shown to support
metastasis, and treatment with MMP9 inhibitors could reduce distant metastasis in gas-
tric cancer [156]. Little is known about the direct involvement of proteases in angiogenic
processes during gastric cancer progression. Remodeling of the ECM is a prerequisite for
angiogenesis and self-evidently, MMPs are highly important in this step [181]. Additionally,
MMP2 and MMP9 promote angiogenesis via stimulation of V-EGF [149,150,157] and acti-
vation of TGF-β signaling [151]. On the other hand, MMP12 activates angiostatin, which
is a cleavage product of plasminogen and counteracts angiogenesis [162]. However, the
association of MMP12 expression with higher survival rates in gastric cancer patients is
controversial [37,182,183].

6. Concluding Remarks

H. pylori-driven gastric pathologies and gastric cancer are closely linked to inflamma-
tory processes and proteolytic reshaping of the tissue microenvironment. The consequences
of proteolytic enzymes derived from bacteria as well as host cells affect every level of the
Correa cascade outlined above, and thus they can be considered significant contributors to
gastric tumorigenesis. Proteases affect tissue architecture and ECM composition, they aid
inflammatory processes and immune cell recruitment, and last but definitely not least, they
directly target signaling cascades with well-established roles in cancer formation and pro-
gression. The variety of proteases involved and the diversity of protease substrates draws
a complicated picture of interdependent disease mechanisms. The advent of organoid-
based models and stomach-on-a-chip technologies might help to clarify the proteolytic
contribution of the individual cells types present in the mucosal microenvironment of
the stomach [139]. Nevertheless, targeting individual proteases could provide us with
alternative strategies to fight H. pylori-associated disease and gastric cancer. In particular,
proteases that contribute to late events in gastric cancer progression, such as metastasis and
angiogenesis, might represent attractive targets for therapeutic intervention.

Author Contributions: Conceptualization, S.W. and G.P.; writing—original draft preparation, S.B.,
M.J., S.W. and G.P.; writing—review and editing, S.W. and G.P.; visualization, S.B.; funding acquisition,
S.W. All authors have read and agreed to the published version of the manuscript.

Funding: The work of S.W. was supported by the grants I_4360 and P_31507 from the Austrian
Science Fund (FWF). Open Access Funding by the Austrian Science Fund (FWF).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Bray, F.; Msc, M.L.; Weiderpass, E.; Soerjomataram, I. The ever-increasing importance of cancer as a leading cause of premature

death worldwide. Cancer 2021, 127, 3029–3030. [CrossRef] [PubMed]
2. Sung, H.; Ferlay, J.; Siegel, R.L.; Laversanne, M.; Soerjomataram, I.; Jemal, A.; Bray, F. Global Cancer Statistics 2020: GLOBOCAN

Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J. Clin. 2021, 71, 209–249. [CrossRef]
[PubMed]

3. Plummer, M.; Franceschi, S.; Vignat, J.; Forman, D.; De Martel, C. Global burden of gastric cancer attributable to Helicobacter pylori.
Int. J. Cancer 2014, 136, 487–490. [CrossRef] [PubMed]

4. de Martel, C.; Georges, D.; Bray, F.; Ferlay, J.; Clifford, G.M. Global burden of cancer attributable to infections in 2018: A worldwide
incidence analysis. Lancet Glob. Health 2020, 8, e180–e190. [CrossRef]

5. Correa, P. Helicobacter pylori and gastric carcinogenesis. Am. J. Surg. Pathol. 1995, 19, S37–S43.
6. Correa, P. Gastric Cancer. Gastroenterol. Clin. N. Am. 2013, 42, 211–217. [CrossRef]

http://doi.org/10.1002/cncr.33587
http://www.ncbi.nlm.nih.gov/pubmed/34086348
http://doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://doi.org/10.1002/ijc.28999
http://www.ncbi.nlm.nih.gov/pubmed/24889903
http://doi.org/10.1016/S2214-109X(19)30488-7
http://doi.org/10.1016/j.gtc.2013.01.002


Int. J. Mol. Sci. 2022, 23, 2419 12 of 18

7. Takahashi-Kanemitsu, A.; Knight, C.T.; Hatakeyama, M. Molecular anatomy and pathogenic actions of Helicobacter pylori CagA
that underpin gastric carcinogenesis. Cell. Mol. Immunol. 2019, 17, 50–63. [CrossRef]

8. Wroblewski, L.E., Jr.; Peek, R.M. Helicobacter pylori, Cancer, and the Gastric Microbiota. Adv. Exp. Med. Biol. 2016, 908, 393–408.
[CrossRef]

9. Naumann, M.; Sokolova, O.; Tegtmeyer, N.; Backert, S. Helicobacter pylori: A Paradigm Pathogen for Subverting Host Cell Signal
Transmission. Trends Microbiol. 2017, 25, 316–328. [CrossRef]

10. Blaser, N.; Backert, S.; Pachathundikandi, S.K. Immune Cell Signaling by Helicobacter pylori: Impact on Gastric Pathology. Adv.
Exp. Med. Biol. 2019, 1149, 77–106. [CrossRef]

11. Posselt, G.; Crabtree, J.E.; Wessler, S. Proteolysis in Helicobacter pylori-Induced Gastric Cancer. Toxins 2017, 9, 134. [CrossRef]
12. Sampieri, C.L. Helicobacter pylori and Gastritis: The Role of Extracellular Matrix Metalloproteases, Their Inhibitors, and the

Disintegrins and Metalloproteases—A Systematic Literature Review. Am. J. Dig. Dis. 2013, 58, 2777–2783. [CrossRef] [PubMed]
13. Bockerstett, K.A.; DiPaolo, R.J. Regulation of Gastric Carcinogenesis by Inflammatory Cytokines. Cell. Mol. Gastroenterol. Hepatol.

2017, 4, 47–53. [CrossRef] [PubMed]
14. Toh, B.-H. Diagnosis and classification of autoimmune gastritis. Autoimmun. Rev. 2014, 13, 459–462. [CrossRef] [PubMed]
15. Bizzaro, N.; Antico, A.; Villalta, D. Autoimmunity and Gastric Cancer. Int. J. Mol. Sci. 2018, 19, 377. [CrossRef]
16. Assumpção, P.P.; Barra, W.F.; Ishak, G.; Coelho, L.G.V.; Coimbra, F.J.F.; Freitas, H.C.; Dias-Neto, E.; Camargo, M.C.; Szklo, M. The

diffuse-type gastric cancer epidemiology enigma. BMC Gastroenterol. 2020, 20, 1–7. [CrossRef] [PubMed]
17. El-Omar, E.M.; Rabkin, C.S.; Gammon, M.D.; Vaughan, T.L.; Risch, H.A.; Schoenberg, J.B.; Stanford, J.L.; Mayne, S.T.; Goedert, J.;

Blot, W.J.; et al. Increased risk of noncardia gastric cancer associated with proinflammatory cytokine gene polymorphisms.
Gastroenterology 2003, 124, 1193–1201. [CrossRef]

18. Suerbaum, S.; Friedrich, S. MicroCorrespondence. Mol. Microbiol. 1996, 20, 1113–1114. [CrossRef]
19. Smith, A.W.; Chahal, B.; French, G.L. The human gastric pathogen Helicobacter pylori has a gene encoding an enzyme first classified

as a mucinase in Vibrio cholerae. Mol. Microbiol. 1994, 13, 153–160. [CrossRef]
20. Ebansil, R.; Celli, J.P.; Hardcastle, J.M.; Turner, B.S. The Influence of Mucus Microstructure and Rheology in Helicobacter pylori

Infection. Front. Immunol. 2013, 4, 310. [CrossRef]
21. Kavermann, H.; Burns, B.; Angermüller, K.; Odenbreit, S.; Fischer, W.; Melchers, K.; Haas, R. Identification and Characterization

of Helicobacter pylori Genes Essential for Gastric Colonization. J. Exp. Med. 2003, 197, 813–822. [CrossRef] [PubMed]
22. Krakowiak, M.S.; Noto, J.M.; Piazuelo, M.B.; Hardbower, D.M.; Romero-Gallo, J.; Delgado, A.; Chaturvedi, R.; Correa, P.;

Wilson, K.T.; Peek, R.M. Matrix metalloproteinase 7 restrains Helicobacter pylori-induced gastric inflammation and premalignant
lesions in the stomach by altering macrophage polarization. Oncogene 2014, 34, 1865–1871. [CrossRef] [PubMed]

23. Lv, Y.-P.; Cheng, P.; Zhang, J.-Y.; Mao, F.-Y.; Teng, Y.-S.; Liu, Y.-G.; Kong, H.; Wu, X.-L.; Hao, C.-J.; Han, B.; et al. Helicobacter
pylori–induced matrix metallopeptidase-10 promotes gastric bacterial colonization and gastritis. Sci. Adv. 2019, 5, eaau6547.
[CrossRef] [PubMed]

24. Ogden, S.R.; Noto, J.M.; Allen, S.S.; Patel, D.A.; Romero-Gallo, J.; Washington, M.K.; Fingleton, B.; Israel, D.A.; Lewis, N.; Wilson,
K.; et al. Matrix Metalloproteinase-7 and Premalignant Host Responses in Helicobacter pylori–Infected Mice. Cancer Res. 2010,
70, 30–35. [CrossRef]

25. Salim, D.K.; Sahin, M.; Köksoy, S.; Adanir, H.; Süleymanlar, I. Local Immune Response in Helicobacter pylori Infection. Medicine
2016, 95, e3713. [CrossRef]

26. Tsai, H.-F.; Hsu, P.-N. Interplay between Helicobacter pylori and immune cells in immune pathogenesis of gastric inflammation
and mucosal pathology. Cell. Mol. Immunol. 2010, 7, 255–259. [CrossRef]

27. Algood, H.M.S.; Gallo-Romero, J.; Wilson, K.T.; Peek, R.M., Jr.; Cover, T.L. Host response to Helicobacter pylori infection before
initiation of the adaptive immune response. FEMS Immunol. Med. Microbiol. 2007, 51, 577–586. [CrossRef]

28. Clark, I.M.; Swingler, T.E.; Sampieri, C.L.; Edwards, D. The regulation of matrix metalloproteinases and their inhibitors. Int. J.
Biochem. Cell Biol. 2008, 40, 1362–1378. [CrossRef]

29. Thomas Wex, A.S.-M.; Kalinski, T.; Roessner, A.; Malfertheiner, P.; Naumann, M.; Lendeckel, U. Expression of Adam 19 in
Helicobacter pylori-Mediated Diseases and Gastric Cancer; Gastric Cancer Research Trends; Nova Science Publishers: New York, NY,
USA, 2007; p. 171.

30. Yoshimura, T.; Tomita, T.; Dixon, M.F.; Axon, A.T.R.; Robinson, P.A.; Crabtree, J.E. ADAMs(A Disintegrin and Metalloproteinase)
Messenger RNA Expression in Helicobacter pylori–infected, Normal, and Neoplastic Gastric Mucosa. J. Infect. Dis. 2002,
185, 332–340. [CrossRef]

31. Jiang, H.; Zhou, Y.; Liao, Q.; Ouyang, H. Helicobacter pylori infection promotes the invasion and metastasis of gastric cancer
through increasing the expression of matrix metalloproteinase-1 and matrix metalloproteinase-10. Exp. Ther. Med. 2014, 8, 769–774.
[CrossRef]

32. Koyama, S. Significance of cell-surface expression of matrix metalloproteinases and their inhibitors on gastric epithelium
and infiltrating mucosal lymphocytes in progression of Helicobacter pylori-associated gastritis. Scand. J. Gastroenterol. 2004,
39, 1046–1053. [CrossRef] [PubMed]

33. Koyama, S. Enhanced cell surface expression of matrix metalloproteinases and their inhibitors, and tumor-induced host response
in progression of human gastric carcinoma. Am. J. Dig. Dis. 2004, 49, 1621–1630. [CrossRef] [PubMed]

http://doi.org/10.1038/s41423-019-0339-5
http://doi.org/10.1007/978-3-319-41388-4_19
http://doi.org/10.1016/j.tim.2016.12.004
http://doi.org/10.1007/5584_2019_360
http://doi.org/10.3390/toxins9040134
http://doi.org/10.1007/s10620-013-2767-x
http://www.ncbi.nlm.nih.gov/pubmed/23817928
http://doi.org/10.1016/j.jcmgh.2017.03.005
http://www.ncbi.nlm.nih.gov/pubmed/28560288
http://doi.org/10.1016/j.autrev.2014.01.048
http://www.ncbi.nlm.nih.gov/pubmed/24424193
http://doi.org/10.3390/ijms19020377
http://doi.org/10.1186/s12876-020-01354-4
http://www.ncbi.nlm.nih.gov/pubmed/32660428
http://doi.org/10.1016/S0016-5085(03)00157-4
http://doi.org/10.1111/j.1365-2958.1996.tb02551.x
http://doi.org/10.1111/j.1365-2958.1994.tb00410.x
http://doi.org/10.3389/fimmu.2013.00310
http://doi.org/10.1084/jem.20021531
http://www.ncbi.nlm.nih.gov/pubmed/12668646
http://doi.org/10.1038/onc.2014.135
http://www.ncbi.nlm.nih.gov/pubmed/24837365
http://doi.org/10.1126/sciadv.aau6547
http://www.ncbi.nlm.nih.gov/pubmed/30949574
http://doi.org/10.1158/0008-5472.CAN-09-2899
http://doi.org/10.1097/MD.0000000000003713
http://doi.org/10.1038/cmi.2010.2
http://doi.org/10.1111/j.1574-695X.2007.00338.x
http://doi.org/10.1016/j.biocel.2007.12.006
http://doi.org/10.1086/338191
http://doi.org/10.3892/etm.2014.1822
http://doi.org/10.1080/00365520410003245
http://www.ncbi.nlm.nih.gov/pubmed/15545160
http://doi.org/10.1023/B:DDAS.0000043375.35611.dd
http://www.ncbi.nlm.nih.gov/pubmed/15573916


Int. J. Mol. Sci. 2022, 23, 2419 13 of 18

34. Krueger, S.; Hundertmark, T.; Kalinski, T.; Peitz, U.; Wex, T.; Malfertheiner, P.; Naumann, M.; Roessner, A. Helicobacter pylori
Encoding the Pathogenicity Island Activates Matrix Metalloproteinase 1 in Gastric Epithelial Cells via JNK and ERK. J. Biol. Chem.
2006, 281, 2868–2875. [CrossRef] [PubMed]

35. Rautelin, H.I.; Oksanen, A.M.; Veijola, L.I.; Sipponen, P.I.; Tervahartiala, T.I.; Sorsa, T.A.; Lauhio, A. Enhanced systemic matrix
metalloproteinase response in Helicobacter pylori gastritis. Ann. Med. 2009, 41, 208–215. [CrossRef]

36. Zhao, Z.-S.; Chu, Y.-Q.; Ye, Z.-Y.; Wang, Y.-Y.; Tao, H.-Q. Overexpression of matrix metalloproteinase 11 in human gastric
carcinoma and its clinicopathologic significance. Hum. Pathol. 2010, 41, 686–696. [CrossRef]

37. Zheng, J.; Chu, D.; Wang, D.; Zhu, Y.; Zhang, X.; Ji, G.; Zhao, H.; Wu, G.; Du, J.; Zhao, Q. Matrix metalloproteinase-12 is associated
with overall survival in Chinese patients with gastric cancer. J. Surg. Oncol. 2012, 107, 746–751. [CrossRef]

38. Costa, A.; Ferreira, R.; Pinto-Ribeiro, I.; Sougleri, I.S.; Oliveira, M.J.; Carreto, L.; Santos, M.; Sgouras, D.N.; Carneiro, F.;
Leite, M.; et al. Helicobacter pylori Activates Matrix Metalloproteinase 10 in Gastric Epithelial Cells via EGFR and ERK-mediated
Pathways. J. Infect. Dis. 2016, 213, 1767–1776. [CrossRef]

39. Mori, N.; Sato, H.; Hayashibara, T.; Senba, M.; Geleziunas, R.; Wada, A.; Hirayama, T.; Yamamoto, N. Helicobacter pylori induces
matrix metalloproteinase-9 through activation of nuclear factor κB. Gastroenterology 2003, 124, 983–992. [CrossRef]

40. Moss, M.L.; Jin, S.-L.C.; Milla, M.E.; Burkhart, W.; Carter, H.L.; Chen, W.-J.; Clay, W.C.; Didsbury, J.R.; Hassler, D.;
Hoffman, C.R.; et al. Cloning of a disintegrin metalloproteinase that processes precursor tumour-necrosis factor-α. Nature 1997,
385, 733–736. [CrossRef]

41. Black, R.A.; Rauch, C.T.; Kozlosky, C.J.; Peschon, J.J.; Slack, J.L.; Wolfson, M.F.; Castner, B.J.; Stocking, K.L.; Reddy, P.;
Srinivasan, S.; et al. A metalloproteinase disintegrin that releases tumour-necrosis factor-α from cells. Nature 1997, 385, 729–733.
[CrossRef]

42. Clendeninn, N.J.; Appelt, K. Matrix Metalloproteinase Inhibitors in Cancer Therapy; Springer: New York, NY, USA, 2000.
43. Klein, T.; Bischoff, R. Active Metalloproteases of the A Disintegrin And Metalloprotease (ADAM) Family: Biological Function

and Structure. J. Proteome Res. 2011, 10, 17–33. [CrossRef]
44. Slomiany, B.L.; Slomiany, A. Helicobacter pylori-induced gastric mucosal TGF-α ectodomain shedding and EGFR transactivation

involves Rac1/p38 MAPK-dependent TACE activation. Inflammopharmacology 2015, 24, 23–31. [CrossRef] [PubMed]
45. Van den Steen, P.E.; Proost, P.; Wuyts, A.; Van Damme, J.; Opdenakker, G. Neutrophil gelatinase B potentiates interleukin-8

tenfold by aminoterminal processing, whereas it degrades CTAP-III, PF-4, and GRO-alpha and leaves RANTES and MCP-2 intact.
Blood 2000, 96, 2673–2681. [CrossRef] [PubMed]

46. Song, J.; Wu, C.; Zhang, X.; Sorokin, L.M. In Vivo Processing of CXCL5 (LIX) by Matrix Metalloproteinase (MMP)-2 and MMP-9
Promotes Early Neutrophil Recruitment in IL-1β–Induced Peritonitis. J. Immunol. 2012, 190, 401–410. [CrossRef] [PubMed]

47. Elkington, P.T.G. Matrix metalloproteinases in destructive pulmonary pathology. Thorax 2006, 61, 259–266. [CrossRef]
48. Xia, X.; Hua, Y.; Hu, P.; Li, J.; Hu, G.; Tang, X. Adhesin HpaA of Helicobacter pylori Promoted Migration of AGS Cells via IL-21

Secretion from HpaA-induced CD4+T Cells. Jundishapur J. Microbiol. 2020, 13, 1–9. [CrossRef]
49. Caruso, R.; Fina, D.; Peluso, I.; Fantini, M.C.; Tosti, C.; Blanco, G.D.V.; Paoluzi, O.A.; Caprioli, F.; Andrei, F.; Stolfi, C.; et al.

IL-21 Is Highly Produced in Helicobacter pylori-Infected Gastric Mucosa and Promotes Gelatinases Synthesis. J. Immunol. 2007,
178, 5957–5965. [CrossRef]

50. Gooz, M.; Shaker, M.; Gooz, P.; Smolka, A.J. Interleukin 1beta induces gastric epithelial cell matrix metalloproteinase secretion
and activation during Helicobacter pylori infection. Gut 2003, 52, 1250–1256. [CrossRef]

51. Yin, Y.; Grabowska, A.M.; A Clarke, P.; Whelband, E.; Robinson, K.; Argent, R.H.; Tobias, A.; Kumari, R.; Atherton, J.C.;
A Watson, S. Helicobacter pylori potentiates epithelial:mesenchymal transition in gastric cancer: Links to soluble HB-EGF, gastrin
and matrix metalloproteinase-7. Gut 2010, 59, 1037–1045. [CrossRef]

52. Waldum, H.L.; Sagatun, L.; Mjønes, P. Gastrin and Gastric Cancer. Front. Endocrinol. 2017, 8, 1. [CrossRef]
53. McClurg, U.L.; Danjo, K.; King, H.O.; Scott, G.B.; Robinson, P.A.; Crabtree, J.E. Epithelial cell ADAM17 activation by Helicobacter

pylori: Role of ADAM17 C-terminus and Threonine-735 phosphorylation. Microbes Infect. 2015, 17, 205–214. [CrossRef] [PubMed]
54. Ii, M.; Yamamoto, H.; Adachi, Y.; Maruyama, Y.; Shinomura, Y. Role of Matrix Metalloproteinase-7 (Matrilysin) in Human Cancer

Invasion, Apoptosis, Growth, and Angiogenesis. Exp. Biol. Med. 2006, 231, 20–27. [CrossRef] [PubMed]
55. Yu, W.-H.; Woessner, J.F.; McNeish, J.D.; Stamenkovic, I. CD44 anchors the assembly of matrilysin/MMP-7 with heparin-binding

epidermal growth factor precursor and ErbB4 and regulates female reproductive organ remodeling. Genes Dev. 2002, 16, 307–323.
[CrossRef]

56. Bergin, P.J.; Raghavan, S.; Svensson, H.; Starckx, S.; Van Aelst, I.; Gjertsson, I.; Opdenakker, G.; Quiding-Järbrink, M. Gastric
gelatinase B/matrix metalloproteinase-9 is rapidly increased in Helicobacter felis-induced gastritis. FEMS Immunol. Med Microbiol.
2008, 52, 88–98. [CrossRef]

57. Chakraborty, S.; Stalin, S.; Das, N.; Choudhury, S.T.; Ghosh, S.; Swarnakar, S. The use of nano-quercetin to arrest mitochondrial
damage and MMP-9 upregulation during prevention of gastric inflammation induced by ethanol in rat. Biomaterials 2012,
33, 2991–3001. [CrossRef] [PubMed]

58. Kim, S.-J.; Park, Y.S.; Paik, H.-D.; Chang, H.I. Effect of anthocyanins on expression of matrix metalloproteinase-2 in naproxen-
induced gastric ulcers. Br. J. Nutr. 2011, 106, 1792–1801. [CrossRef] [PubMed]

http://doi.org/10.1074/jbc.M511053200
http://www.ncbi.nlm.nih.gov/pubmed/16321971
http://doi.org/10.1080/07853890802482452
http://doi.org/10.1016/j.humpath.2009.10.010
http://doi.org/10.1002/jso.23302
http://doi.org/10.1093/infdis/jiw031
http://doi.org/10.1053/gast.2003.50152
http://doi.org/10.1038/385733a0
http://doi.org/10.1038/385729a0
http://doi.org/10.1021/pr100556z
http://doi.org/10.1007/s10787-015-0254-z
http://www.ncbi.nlm.nih.gov/pubmed/26658844
http://doi.org/10.1182/blood.V96.8.2673
http://www.ncbi.nlm.nih.gov/pubmed/11023497
http://doi.org/10.4049/jimmunol.1202286
http://www.ncbi.nlm.nih.gov/pubmed/23225890
http://doi.org/10.1136/thx.2005.051979
http://doi.org/10.5812/jjm.101137
http://doi.org/10.4049/jimmunol.178.9.5957
http://doi.org/10.1136/gut.52.9.1250
http://doi.org/10.1136/gut.2009.199794
http://doi.org/10.3389/fendo.2017.00001
http://doi.org/10.1016/j.micinf.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25499189
http://doi.org/10.1177/153537020623100103
http://www.ncbi.nlm.nih.gov/pubmed/16380641
http://doi.org/10.1101/gad.925702
http://doi.org/10.1111/j.1574-695X.2007.00349.x
http://doi.org/10.1016/j.biomaterials.2011.12.037
http://www.ncbi.nlm.nih.gov/pubmed/22257724
http://doi.org/10.1017/S000711451100242X
http://www.ncbi.nlm.nih.gov/pubmed/21733337


Int. J. Mol. Sci. 2022, 23, 2419 14 of 18

59. Yeh, Y.-C.; Kuo, H.-Y.; Chang, W.-L.; Yang, H.-B.; Lu, C.-C.; Cheng, H.-C.; Wu, M.-S.; Sheu, B.-S. H. pylori isolates with amino acid
sequence polymorphisms as presence of both HtrA-L171 & CagL-Y58/E59 increase the risk of gastric cancer. J. Biomed. Sci. 2019,
26, 4. [CrossRef] [PubMed]

60. Zarzecka, U.; Matkowska, D.; Backert, S.; Skorko-Glonek, J. Importance of two PDZ domains for the proteolytic and chaperone
activities of Helicobacter pylori serine protease HtrA. Cell. Microbiol. 2020, 23, e13299. [CrossRef]

61. Zarzecka, U.; Harrer, A.; Zawilak-Pawlik, A.; Skorko-Glonek, J.; Backert, S. Chaperone activity of serine protease HtrA of
Helicobacter pylori as a crucial survival factor under stress conditions. Cell Commun. Signal. 2019, 17, 1–18. [CrossRef]

62. Salama, N.R.; Shepherd, B.; Falkow, S. Global Transposon Mutagenesis and Essential Gene Analysis of Helicobacter pylori. J.
Bacteriol. 2004, 186, 7926–7935. [CrossRef]

63. Saha, A.; Backert, S.; Hammond, C.E.; Gooz, M.; Smolka, A.J. Helicobacter pylori CagL Activates ADAM17 to Induce Repression of
the Gastric H, K-ATPase α Subunit. Gastroenterology 2010, 139, 239–248. [CrossRef] [PubMed]
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