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Abstract

Gastric cancer (GC) is one of the most frequent malignancies of the digestive tract
worldwide. The tumor microenvironment plays a key role in the complex process
of GC development that involves invasion and metastasis. Several factors affect-
ing the development of GC include life style, hereditary factors, as well as
Helicobacter pylori infection. To maintain homeostasis of any tissue, proper
contact between neighboring cells is prime need wherein cell-cell and cell-
extracellular matrix (ECM) interactions are the key events which are guided by
tightly controlled process attributed to specialized structures, for example, tight
junction, adherens junction, and gap junction. The metastatic nature of the tumor
during gastric cancer progression has relevance with the altered structural and
functional regulation of matrix metalloproteinases (MMPs) along with their cross
talk with cell junction proteins like claudin and occluding. Moreover, H. pylori
infection and other extrinsic factors impair tight junction which lead to the
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activation of inflammatory cytokines. Further, mislocalization or altered function
of gap junction and adherens junction proteins also responsible for gastric
inflammation ultimately leads to carcinoma. In the treatment of GC,
chemoresistance poses a major challenge with high chances of recurrence. There-
fore, identification of the specific prognostic biomarkers in MMPs activation
pathways and/or cell junction proteins may allow overcoming the problem by
improving the early diagnostic procedures for GC. In this chapter, we focus on the
roles of different MMPs, cell junction proteins, and cross talk between them in
GC progression.

Keywords
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Introduction

GC is one of the most frequent malignancies of the digestive tract that develops from
the lining of the stomach and characterized by late clinical development (Lochhead
and El-Omar 2008). GC is the third most common cause of death among all reported
cancer deaths throughout the world in 2018 (Rawla and Barsouk 2019). Between
births and 74 years of age, the average risk of developing GC in males is 2.2 times
more likely than in females. However, this ratio goes down to 1.83 in the developing
countries (Rawla and Barsouk 2019). The Republic of Korea has the maximum rate
of occurrence of GC with reportedly 60 cases per 100,000 males in contrast to the
incidence rate for women which is only 25 per 100,000 (Rawla and Barsouk 2019).
Several factors play a vital role in GC development including H. pylori infection,
environmental factors, diet, smoking, genetic polymorphism, long-term stomach
inflammation, and lifestyle. Based on the histological features GC is divided into
intestinal and diffuse types (Lauren 1965).

H. pylori infection damages tight junction as well as activates cytokines of
inflammatory pathways. Epithelial disruption is a significant phenomenon of
H. pylori-mediated inflammation and neoplastic tissue transformation. Over-
expression of CLDN2 is linked to H. pylori-induced carcinoma along with disrup-
tion of occludin and claudin-4 and claudin-5 and henceforth increases paracellular
permeability (Fedwick et al. 2005). Epidermal growth factor (EGF) has a crucial role
in regulating the biological behavior of GC (Reinmuth et al. 2003). It was reported
that in tumor cells upregulation of EGF or EGFR may disrupt tight junction (Van
Itallie et al. 1995).

Considerable numbers of reports have defined the process of the development
of GC by the interplay of MMPs and their tissue inhibitors (TIMPs). Moreover,
expression and activity of different MMPs correlate with advanced tumor,
increased invasion and metastasis, and shortened survival (Isaacson et al.
2017). This chapter summarizes the current state of knowledge of functional
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regulation between MMPs and cell junction proteins involved in gastric cancer
development.

Matrix Metalloproteinases (MMPs) and Gastric Cancer

The MMPs are zinc-dependent endoproteinases, collectively capable of degrading
most of the ECM components. MMPs are synthesized as zymogen and their
activation requires proteolytic modification of prodomains. Regulation of MMP
functions can take place at various stages, including transcription, zymogen activa-
tion, interplay with ECM, and endogenous inhibition by TIMPs (Raychaudhary et al.
2019). The imbalance between the MMPs and TIMPs expression can lead to the
disruption and deregulation of ECM degradation and basement membrane as well.
Recent studies show that MMPs and TIMPs are involved in every stages of cancer
progression including metastasis (Chen et al. 2020). Zhang et al. (2011) showed that
the expression of MMP-2, MMP-7, MMP-9, MMP-14, and TIMP-1 and TIMP-2
mRNA levels in GC tissue was considerably elevated than normal tissue. These
results are consistent with other findings, where the researchers have established a
significant relationship between expression of MMP-2, MMP-9, or TIMP-2 and
differentiation of tumors (Shan et al. 2015). The expression of MMP-2, MMP-7,
MMP-9, and MMP-14 increased progressively with tumor stages than initial GC
(Alpízar-Alpízar et al. 2016). The advanced stages of GC were found to be linked
with downregulated TIMP-2 expression and contrasting upregulation of MMP-7 and
MMP-9 (Chu et al. 2010). Additionally, various studies have shown that MMP-2 and
MMP-9 expressions are correlated with tumor clinicopathology including tumor
depth, occurrence of lymph nodes, and metastases (Lian et al. 2016) (Fig. 1).

MMPs are produced in the vicinity of cancer cells, by inflammatory and fibroblast
cells. During cancer progression, mitogen-activated protein kinases (MAPKs) are
vital in controlling MMP activation since many MMP promoters include AP-1 and
nuclear factor-kappaB (NFκB) binding sites (Verma et al. 2014). Recently, increas-
ing numbers of studies reveal the presence of the ERK/MAPK system in regulating
cell proliferation in gastric malignant tumors and gastric cell lines. ERK can mediate
MMP behavior which in turn influences the migration and invasion of GC cells
(Akter et al. 2015). Moreover, the c-Jun N-terminal kinase (JNK) and NF-κB
pathway are also involved in GC metastasis and invasion (Jiang et al. 2019). The
JNK pathway is involved in p21-activated kinase1 (Pak1) modulation of MMP-2,
which contributed significantly in the MKN45 cell invasiveness (Li et al. 2017).
Similarly, cadherin-17 (CDH17) expression is enhanced in GC tissues than the para-
carcinoma tissues along with increased MMP-2 expression, mediated via NF-κB
pathway and lymph node metastasis (Jiang et al. 2019) (Table 1).

Moreover, MMPs have also been reported in regulation of angiogenesis which is
related to GC. Activation of MMPs can be induced by various angiogenic factors
including vascular endothelial growth factor (VEGF), basic fibroblast growth factors
(FGF), transforming growth factors (TGF-α and TGF-β), and angiogenin (Quintero-
Fabian et al. 2019). MMP-2, MMP-9, and MMP-14 are the most studied MMPs
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participating in angiogenesis by acting as a key mediator in VEGF production.
Upregulation in the MMP-2 and MMP-9 expression during GC development is
correlated with VEGF expression suggesting an important role played by MMP-2

Table 1 Association of junctional proteins (Jps) with MMP and TIMPs expression in gastric
cancer: [" ¼ upregulation, # ¼ downregulation]

Type of JPs
proteins

Expression of JPs in Gastric
cancer

Expression of
MMPs and
TIMPs References

Adherence
junction
proteins

#E-Cadherin "MMP7,
MMP2 and
MMP9

Lee et al. (2006), Gao et al.
(2017)

"α-catenine and other
minor catenines

"MMP2,
MMP7 and
MMP9

Wu et al. (2015)

Tight
junction
proteins

#Claudin-7 "MMP9 Wroblewski et al. (2015)

"Claudin-4, Claudin-6,
Claudin-1, Claudin-3 at
late stage GC

"MMP9 and
MMP2

Hwang et al. (2014), Torres-
Martinez et al. (2017), Hewitt
et al. (2006)

"Occludin(ZO-1) "MMP14 Resnick (2005)

#Occludin (ZO-1) "MMP2,
MMP9 and
MMP10

Lv et al. (2019), Turksen and
Troy (2011)

Gap
junction
proteins

#Connexins(CX-43) #TIMP-3 Zhu et al. (2018)

Fig. 1 Showing healthy gastric epithelia with major cell junction proteins vs. cells with gastric
cancer progression where crosstalk between major cell junction proteins and matrix meta-
lloproteinases (MMPs) has hampered
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and MMP-9 in GC progression via degradation of ECM and neovascularization
(Zheng et al. 2006). In another study, a plant hormone methyl jasmonate attenuates
the expression of MMP-14 by downregulating the specificity protein 1 expression,
thereby inhibiting the angiogenesis along with GC progression (Zheng et al. 2013).

Cell Junction Proteins in Gastric Cancer

Homeostasis of surrounding epithelial cells is maintained through adhesion between
adjacent cells which is a tightly controlled process and essential factor. Specialized
structures like tight junction, adherens junctions, and gap junctions are responsible
for the adhesion between neighboring cells of epithelium (Hollande et al. 2003). The
development and maintenance of tight junctions and adherens junctions are con-
trolled by several growth factors, hormones, and cytokines. These can have a major
influence on tumor progression and metastasis (Hollande et al. 2003).

Tight Junctions

Tight junctions are restricted to the apical end of the intracellular junctions playing a
vital role in the epithelial polarity (Farquhar and Palade 1963). They also act as
adhesion mediating structures between cells which maintain paracellular permeabil-
ity and provide protection against intruding pathogens (Naz et al. 2017). However,
cell polarity is maintained by the fence function. Permeability of tight junction is
amplified and transepithelial electrical resistance (TER) is declined well with the
tumor formation (Soler et al. 1999).

Cells undergoing tumorigenesis generally reveal deficiencies of structure and
function in their tight junctions (Weinstein et al. 1976), with subsequent release or
transport of pro-tumorigenic factors, inducing tumor growth (Mullin 1997). Addi-
tionally, the loss of polarity, differentiation, and adhesive characteristics related with
damaged tight junctions may be significant in obtaining a metastatic phenotype
(Martin and Jiang 2001). Anomalies in tight junction-linked proteins may corre-
spond to epithelial-mesenchymal transition (EMT) and thereby altering cancer cells
motility and their invasiveness (Agarwal et al. 2009). The tight junction complex
comprises of transmembrane proteins like claudin, occludin, and membrane linked
proteins like zona occludens (ZO-1, ZO-2, and ZO-3) (Tsukita et al. 2001). Other
than zona occludens there are connexions and junction-adhesion molecules that play
a vital role in the functioning of the epithelial tight junctions.

Claudins are necessary for epithelial barrier integrity and for maintaining tight
junction structure and function (Elkouby-Naor and Ben-Yosef 2010). Claudins are
also involved in intracellular signaling, because of the presence of PDZ binding
domains at their COOH termini (Morita et al. 1999). Alterations in claudin expres-
sion are common with tumorigenesis and cancer progression (Kwon 2013). Claudin
proteins are poorly expressed in tumor cells and are compliant with the conception of
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tight junction damage triggering epithelial cell cohesion disruption and inducing cell
invasiveness (Yang et al. 2018).

The expression of claudin-2 promotes pore formation and thereby modulates
paracellular transport by epithelial cells (Rosenthal et al. 2010). It is downregulated
along with claudin-6, claudin-7, claudin-8, claudin-10, and claudin-17, while
upregulation of claudin-5, claudin-11, and claudin-14 is found in GC tissues com-
pared with tissues adjacent to the tumor (Gao et al. 2013). Additionally, claudin-7
and claudin-8 were simultaneously expressed in the mucosa and GC tissues,
suggesting their participation in tight junction structure. Patients with tumors having
claudin-7 and claudin-8 expression have a considerably longer survival time; on the
other hand, patients with tumors with claudin-5 expression have a drastically shorter
survival. However, the exact mechanism of claudin-7 overexpression and their
function in GC is unclear (Johnson et al. 2005). Expression of Claudin-11 mRNA
was observed in all normal gastric mucosal tissues and cell lines whereas it is
silenced in case of GC. However, promoter region of claudin-11 is hypermethylated
in GC tissues and cell lines. Whereas, downregulation of claudin-11 mediated
through siRNA in GC phenotype particularly elevates cell motility and invasiveness
and is considered a probable target of epigenetic inactivation in GC (Agarwal et al.
2009). Claudin-18 is downregulated in GC (Hagen et al. 2018). The expression of its
isoform 2 (Claudin-18.2) is confined to differentiated epithelial cells of the gastric
mucosa as well as in early GC (Sahin et al. 2008).

The association of tight junctions to the cytoskeleton is maintained by three
membrane-linked proteins. They are zonula occludens (ZO)-1, ZO-2, and ZO-3
having molecular weight 220-kDa (Morita et al. 1999), and they perform a crucial
role in tight junctions and are expressed in all normal epithelial cells and not
downregulated in advanced GC. ZO-1 is a submembrane molecule directly linked
with occludin, claudins, junctional adhesion molecules (Itoh et al. 1999), and also to
actin at its C-terminal domain, and thereby maintains contact with neighboring cells
(Fanning et al. 2002). Reduced expression of ZO-1 has been observed during
invasion and de-differentiation in gastrointestinal cancers (Kimura et al. 1997).
ZO-1 also causes severe barrier defects exclusively by H. pylori through increased
expression of tyrosine phosphorylation and decreased expression of ZO-1 (Martin
and Jiang 2009). Phosphorylation within crucial domains of ZO-1 is directly impli-
cated in the binding with occludins. Alterations in such domains may result in
detachment of ZO-1 from tight junction proteins, thereby making the epithelial
barriers weak and helping in the entry of pathogen like H. pylori (Ribet and Cossart
2010). Epithelial cells lacking occludin display a strong network of tight junction
strands, implicating the importance of occludin in tight junction strand formation
(Tsukita et al. 2001).

Gap Junction

CX32, a gap junction protein, is normally found in the gastrointestinal tract epithe-
lium. Modification of localization or alteration of its function could develop GC
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(Jee et al. 2011). C-terminal of connexins another gap junction protein is a significant
one for protein trafficking. Research suggested that phosphorylation of some amino
acids at the tail region can also modify the half-life of the protein and thereby gap
junction assembly (Johnstone et al. 2012).

Adherens Junction

Along with the cell cytoskeleton, adherens junctions are principal elements for the
establishment and maintenance of the tissue architecture. Alterations in cell-to-cell
and cell-to-matrix interactions result in the migration of cancer cells across normal
tissue barrier and metastasize (Pignatelli and Vessey 1994). Abnormalities in the
expression and function of E-cadherin, the principal constituent of the adherens
junction, are involved in a number of gastric cell lines. Immunohistochemical studies
on GC tissues have shown abnormal E-cadherin expression (Matsuura et al. 1992).
Further, there is an inverse correlation between E-cadherin expression and invasive
growth (Jawhari et al. 1997). E-cadherin mutations are reported in 50% of diffuse-
type tumors (Berx et al. 1998). Although E-cadherin is said to be responsible for
determining the growth characteristics of gastric carcinomas, the biological differ-
ences between intestinal and diffuse types of gastric carcinoma cannot be altogether
explained by the expression levels of E-cadherin. Few human cancer cells may
display abnormal E-cadherin-mediated cell adhesiveness by declining α-catenin
expression (Shiozaki et al. 1994).

Crosstalk Between of MMPs and Cell Junction Proteins

Interrelation between MMPs and cell junction proteins is very crucial for cancer
progression. MMPs are produced in the vicinity of cancer cells, and the imbalance of
expression of MMPs can lead to the degradation of ECM and basement membrane
which are held tightly close together by specialized structures like tight junction,
adherens junctions, and gap junctions. Cross-talks between MMPs and Different cell
junction proteins are discussed below.

MMP and Adherence Junction Proteins

MMP-3 and MMP-7 are known to cleave E-cadherin (Lynch et al. 2010). Clinical
data suggested abnormal E-cadherin expression is associated with MMP-7
upregulation in gastric carcinoma compared to normal gastric tissue (Lee et al.
2006). E-cadherin alteration by MMP-7 instigates a proliferative pathway to enhance
Rho A activity and enhance cyclin D1 expression and bypasses p27 (Lynch et al.
2010). In GC, upregulation of MMP-9 and VEGF and downregulation of E-cadherin
were found as markers for malignancies (Gao et al. 2017). However, in gastric
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carcinoma cells, macrophage infiltration induces α- and β-catenin expression by
AKT/ERK pathway which is also directly linked with MMP-9 levels (Wu et al. 2015).

MMPs and Tight Junction Proteins

In most gastric intestinal-type adenocarcinomas, ZO-1 expression is observed along
with upregulation of MMP-14 (Resnick et al. 2005). The elevation of MMP-10
expression in H. pylori-induced GC is related with downregulation of ZO-1 expres-
sion (Lv et al. 2019). Further, claudin-4 level was considerably associated with
MMP-2 and MMP-9 expressions. Overexpression of claudin-4 enhances cell inva-
sion as well as migration, suggesting that claudin-associated invasion may be
intervened by activation of MMPs. Therefore, changes in claudin-4 level may take
part in the invasiveness of GC, by regulating the barrier function of tight junctions or
by mediating MMP-2 and MMP-9 activities (Hwang et al. 2014). Again it was
reported that expression of claudin-3, claudin-4, and claudin-7 were found elevated
in late stage GC with detectable MMP-9 upregulation (Hewitt et al. 2006). H. pylori
also modulate expression of claudin-7 via MMP-9 mediated pathway (Wroblewski
et al. 2015). Claudin-6 helps in MMP-2 activation, promoting cell migration and
invasiveness during GC progression (Torres-Martinez et al. 2017). In GC, Claudin-
18 expression has promising prognostic value, but its expression is poorly correlated
with MMP activity (Sanada et al. 2006). Upregulation of MMP-9 and MMP-2 is also
related to altered homeostasis of occludin protein (Turksen and Troy 2011).

MMPs and Gap Junction Proteins

In lymph node metastasis of GC, the expression of connexion Cx-43 was found
downregulated with poor TIMP-3 activity (Zhu et al. 2018). Upregulation of gap
junction β-4 (GJB4) in GC patients is associated with increased Wnt/CTNNB1
signaling and its downstream MMP-7 expression resulting in poor survival of
patients (Liu et al. 2019). Downregulation of connexion 32 (Cx-32) and connexion
43 (Cx-43) with increased expression of multiple MMPs was found in stomach
mucosal cell line (CES-1) (Wu et al. 2007). Pathogenic interaction with gap junction
proteins is of great interest in GC progression. Gap junction proteins are used as
excellent experimental tools to understand the mechanisms of GC development.
Decoding of gap junctional signaling pathways in gastric carcinogenesis with their
involvement on metalloproteinases and their inhibitors would provide a new avenue
for disease diagnosis.

Conclusion and Future Directions

In the treatment of both local and metastatic GC, chemotherapy is known to play a
vital role, but its efficacy remains limited by intrinsic or acquired chemoresistance,
which is again associated with tumor cells and tumor microenvironment. The cause
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behind chemoresistance could be either genetic or epigenetic, such as expression of
drug resistance genes and altered signaling pathways in cancer stem cells. A large
number of GC patients develop recurrence despite surgery; majority of them develop
distant metastases. Therefore, early detection methods and multimodality
approaches for treatment should be adopted for the prevention and recurrences
of GC.

In order to reduce the mortality rate, development of specific, targeted, and
personalized therapy is required and hence identification of specialized biomarkers
is of high priority for early diagnosis, prognosis, and treatment. In support mutant
E-cadherin is a promising biomarker for diagnosis owing to its specificity for
diffuse-type GC (Lee et al. 2006). We speculate, connexion-43 as one of the major
proteins that can be used for target-based therapeutics for gastric carcinoma. In spite
of large number of literature on MMPs in the progression of GC, there are only a few
studies which confirm the candidature of MMPs as prognostic biomarkers. Although
serum MMPs-7, 8, and 14 along with TIMP-1 may prove useful potential bio-
markers in the prognosis of GC, nonetheless, additional studies are required for
better understanding the influence of certain MMPs on specific stages of GC to use
specific inhibitors of MMPs in cancer therapy.
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