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Gastric cancer is one of the most common malignant 
tumors worldwide. According to the GLOBOCAN 
estimates of incidence and mortality worldwide for cancers, 
there were 1.03 million new cases of gastric cancer and 
780,000 deaths in 2018. Gastric cancer was the fifth most 
common malignancy and the third leading cause of cancer-
related death, coming only after lung cancer and colorectal 
cancer (1). China is one of the countries with the highest 
incidence of gastric cancer and accounts for over nearly half 
of all new gastric cancer cases in the world (2). According to 
the Report of Cancer Incidence and Mortality in Different 
Areas of China released by the National Cancer Center of 
China in February 2018, the incidence and mortality rate of 
gastric cancer ranked the second and third places among all 
malignancies in China (3).

Diffuse-type gastric cancer (DGC)

Gastric cancer is a highly heterogeneous disease. Different 
degrees of differentiation and biological behaviors can 

often be seen among different subtypes and even in 
different regions of the same tumor. Many gastric cancer 
classifications have been proposed to improve the prognosis 
of gastric cancer by achieving personalized treatment and 
guide clinical decision-making. According to the Lauren 
classification, gastric cancer can be divided into three types: 
intestinal-type gastric cancer (IGC), DGC, and mixed 
type (4). Among them, DGC accounts for about 22% 
and 50%, which varies significantly in different areas (5).  
Lauren classification is based on differences in tumor 
histopathology and biological behaviors. Compared with 
IGC, DGC cells are less adhesive and highly aggressive; the 
cancer is poorly differentiated and becomes metastatic in its 
early stages; it can occur in younger populations, with high 
recurrence rate and poor prognosis (6,7); morphologically, 
DGC mostly corresponds to the type III (ulcerating growth) 
or type IV (diffusely infiltrating growth) in the Borrmann 
classification.

The Lauren classification is clinically valuable for 
predicting the prognosis of patients with gastric cancer. In 
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a retrospective study, Chen et al. even believed Lauren’s 
classification was an independent prognostic factor 
for gastric cancer (7). However, the role of the Lauren 
classification in the personalized treatment of gastric 
cancer, screening of potential drug targets, and prediction 
of the efficacy of molecularly targeted cancer therapy. It is 
well believed that the pathogenesis of IGC is affected by 
environmental factors, while the leading causes of DGC are 
genes and heredity factors. With the development of gene 
chip and sequencing technology, gastric cancer research 
has entered the era of molecular omics, and many new 
potential therapeutic targets have been discovered. Thus, a 
new gastric cancer classification urgently must achieve more 
precise management of gastric cancer patients. The Cancer 
Genome Atlas (TCGA) has performed a comprehensive 
analysis in 295 chemoradiotherapy-naïve gastric cancer 
patients and uncovered four molecular subtypes of gastric 
cancer: Epstein-Barr virus (EBV), microsatellite instability 
(MSI), genomically stable (GS), and chromosomal 
instability (CIN). It was found that the GS tumors were 
diagnosed at an earlier age (median age 59 years), along with 
higher possibilities of CDH1 and RhoA gene mutations and 
CLDN18-ARHGAP26 fusions (8), which morphologically 
corresponds to the DGC in the Lauren classification.

Structure and function of RhoA protein

RhoA, a 21-kDa guanylate-binding protein, is encoded 
by the RhoA gene and found in human chromosome 
3p21.3. RhoA protein is a member of the Rho subgroup 
that belongs to the Ras superfamily. The protein was first 
discovered and cloned in 1985 (9), and its function in 
regulating cytoskeleton was first confirmed in 1995 (10). 
RhoA is one of the typical members of the Rho family.

RhoA protein has a structural domain that binds to 
guanosine triphosphate (GTP). With the GTPase activity, 
it can hydrolyze GTP into guanosine diphosphate (GDP). 
The RhoA protein is activated when binding to GTP and 
can activate the downstream signaling molecules through 
allosteric effect, opening the corresponding signaling 
pathways; in contrast, RhoA protein is in an inactive 
state when it binds to GDP, which can cause downstream 
signaling pathways to be closed (11). Guanine nucleotide 
exchange factors (GEFs) activate monomeric GTPases 
by stimulating the release of GDP to allow binding of 
GTP; GTPase-activating proteins (GAPs) accelerate the 
GTP hydrolysis mediated by GTPases and thus inactivate 
the RhoA protein (12). Guanine nucleotide dissociation 

inhibitors (GDIs) have dual functions: When GDIs exist 
in a dissolved state in the cytoplasm, it can prevent the 
transformation of RhoA from a GDP-bound state to a 
GTP-bound state; when GDIs are located on the cell 
membrane, they can interact with RhoA-GTP to promote 
GTP hydrolysis.

As a molecular switch in cell signaling, RhoA protein 
takes part in many biological functions of the cells by 
cycling between these two different conformational states. 
After the RhoA protein is activated, it can activate the 
downstream protein kinase ROCK1 and protein kinase 
N, thereby phosphorylating and inactivating the myosin 
phosphatase and increasing the level of phosphorylated 
myosin light chain in the cytoplasm, leading to the 
increased cross-linking between myosin and kinesin, which 
promotes the aggregation of cytoskeleton and the shrinkage, 
adhesion, proliferation, apoptosis, and migration of cells 
(13,14). RhoA protein can also regulate the polymerization 
of actin monomers into actin through ROCK1 and mDia 
pathways (15).

Mechanisms of RhoA mutations in DGC

The RhoA signaling pathway takes part in multiple life 
processes by regulating the cytoskeleton. Therefore, 
abnormal RhoA signaling pathways and RhoA mutations 
or abnormal expression have been reported to be closely 
associated with the occurrence and development of a variety 
of diseases, including malignant tumors (16-18). Although 
the expression of RhoA is increased in multiple tumors, RhoA 
mutations are less common in tumors (19,20). Kakiuchi et al. 
performed whole-exome sequencing on 87 DGC cases and 
found recurrent RhoA nonsynonymous mutations in 22 cases 
(25.3%), with mutational hotspots including p.Tyr42Cys 
(from tyrosine to cysteine at position 42), p.Gly17Glu (from 
glycine to glutamic acid at position 17), and p.Arg5Gln 
(from arginine to glutamine at position 5); subsequent 
comparison with the sequencing results in 51 patients with 
IGC showed that RhoA mutations specifically occurred 
in DGC (21). The study performed by Wang et al. (22)  
also identified RhoA mutations in 14.3% of DGC patients, 
with the two most common mutation hotspots being 
p.Tyr42Cys, and p.Leu57Val (from leucine to valine at 
position 57); further analysis showed that most RhoA 
mutations occurred in the functional domains where RhoA 
bound to substrate protein or GTP; in particular, four 
hotspots including p.Tyr34Cys (from tyrosine to cysteine 
at position 34), p.Phe39Val (from phenylalanine to valine 
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at position 39), p.Glu40Val (from glutamic acid to valine at 
position 40), and p.Tyr42Cys were located in the domains 
where RhoA bound to substrate proteins. By using a new 
molecular classification of gastric cancer, TCGA found 
that RhoA mutations often occurred in the GS group and 
that RhoA mutations were not similar to the oncogenic 
mutations of the Ras family GTPase genes (8).

The functional changes of RhoA mutants are still 
controversial. Kakiuchi et al. found that the distribution of 
mutation positions was uneven and speculated that RhoA 
mutations might gain new functions. Thus, the authors 
studied cancer cell lines harboring RhoA mutations: the 
OE19 cell line (adenocarcinoma of the gastric cardia) 
harboring p.Tyr42Cys mutation, the breast cancer cell line 
BT474 harboring p.Gly17Glu mutation, and the colorectal 
cancer line SW948 harboring p.Gly17Glu mutation. Gastric 
cancer cell lines (AGS and MKN74) containing wild-type 
RhoA were used as controls. When small interfering RNA 
(siRNA) was used to silence the expression of the RhoA 
gene, the growth of OE19, SW98, and BT474 cell lines 
was significantly suppressed, while the growth of the wild-
type gastric cancer cell lines AGS and MKN74 were not 
affected.

Furthermore, the authors performed functional rescue 
experiments in the growth-suppressed SW948 cells, in 
which the p. Tyr42Cys RhoA mutant and p. Gly17Glu 
RhoA mutant and wild-type RhoA gene were separately 
introduced. It was found that the inhibitory effect on 
SW948 disappeared when the mutant was introduced; in 
contrast, the remarkable growth-inhibiting effect persisted 
in cells introduced with the wild-type gene. Thus, RhoA 
mutations specifically promote the growth of tumor cells, 
which may depend on the tumor-specific environments and 
signaling pathways. Accordingly, the authors believed that 
the gain-of-function of RhoA mutations plays a vital role in 
the biological behaviors of DGC (21). 

However, Wang et al. (22) believed that RhoA mutations 
(especially those in four hotspots including p.Tyr34Cys, 
p.Phe39Val,p.Glu40Val, and p.Tyr42Cys) caused the 
functional loss by analyzing RhoA mutation patterns and 
combining with previous studies (23,24). Therefore, the 
authors performed experiments on 293T/17 cells expressing 
p.Tyr42Cys, and p.Leu57Val genes, respectively, and found 
that, compared with wild-type 293T/17 cells, the number of 
activated RhoA proteins in cells with mutations at positions 
42 and 57 were significantly reduced. Physiologically, the 
RhoA signaling pathway mediates anoikis, and anti-anoikis 
is a crucial step in the progression of DGC. The authors 

used mouse intestinal organoids to further investigate the 
effects of RhoA mutations on anoikis and oncogenesis. First, 
they made the organoids express wild-type RhoA and mutant 
RhoA (p. Tyr42Cys and p. Leu57Val, respectively), and a 
blank control group was also used. Then, the organoids 
were dissociated into a single cell suspension by using 
tryptase. After 4 days of culture in the presence of ROCK 
inhibitor, it was found that the organoid cells expressing 
mutant RhoA remarkably “restored” the organoids, while 
the cells expressing wild-type RhoA failed to re-generate 
organoids. In the absence of ROCK inhibitor, both cells 
in the blank control group and wild-type cells died on the 
10th day of culture, while RhoA mutant cells continued to 
grow (22). Thus, RhoA mutations lead to the loss of RhoA 
function, thus enabling the cells to gain the ability to resist 
anoikis, which promotes the infiltration and diffuse growth 
of cells.

In TCGA’s study, RhoA  mutations activated the 
downstream ROCK protein. The product of CLDN18 
gene expression is one of the components of tight cell 
junctions. The outcomes of ARHGAP26 gene expression 
are GAPs. The fusion genes between CLDN18 and 
ARHGAP26 reported in TCGA were found between exon 
5 of CLDN18 and either exon 10 or 12 of ARHGAP26. 
Such fusion genes specifically appeared in RhoA mutation 
cases; mRNA sequencing revealed a mature fusion protein 
product. Determination of the gene expression status in the 
signaling pathway suggested that RhoA mutation activated 
the RhoA signaling pathway. Since RhoA plays a central 
role in cell migration, the RhoA mutant and the CLDN18-
ARHGAP26 fusion may be involved in the aggressive 
behaviors of DGC (8). Zhang H et al. cultured the normal 
intestinal epithelium of mice into organoids and knocked 
out the organoid CDH1 gene and overexpressed the RhoA 
mutation (p. Tyr34Cys) gene in vitro, thus successfully 
inducing the normal organoids into DGC. It demonstrated 
that RhoA mutations gained new functions and therefore 
played critical roles in the pathogenesis of DGC (25). 
Nishizawa et al. (26) performed a study in gastric cancer cell 
lines with different mutation sites and demonstrated that 
RhoA mutations inactivated the ROCK protein, thereby 
maintaining cell survival and inducing cell migration.

Relationship of RhoA mutations with the clinical 
features of DGC

RhoA mutations specifically occur in DGC and are believed 
to promote the progression of this malignancy. Therefore, 
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we speculated that the RhoA mutations are associated with 
the gender and age of the DGC patients and with the 
location, type, stage, and prognosis of cancer itself. Ushiku 
et al. (27) retrospectively analyzed 87 cases of DGC and 
grouped the patients by RhoA mutations (or not) to explore 
the relationship between RhoA mutations and clinical 
features of DGC. They found that RhoA mutations were 
not significantly associated with the age of disease onset 
or gender. Of the 22 patients with RhoA mutations, 16 had 
advanced DGC, among which 13 (81%) were Borrmann 
type III, 3 (19%) were Borrmann type IV, and the remaining 
6 were still in their initial stages. Wang et al. also identified 
RhOA mutation in a case of intramucosal cancer (22). These 
findings suggest that RhoA mutations may play a vital role 
in the preliminary stages of DGC. Further histological 
studies showed that 73% of RhoA-mutant cases had locally 
differentiated tubular components in the gastric mucosa. 
Kakiuchi et al. sequenced the mucosal tubular components 
and the deeper invasive poorly cohesive component  
and found the RhoA mutations were present in both 
components (21), which further demonstrated that RhoA 
mutations might occur in the early stages of gastric cancer.

A preliminary study did not find significant differences 
in the stage and prognosis of DGC between RhoA-mutant 
group and wild-type group (27). However, it was believed 
that the study had the following limitations that lead to 
the negative results: (I) the sample size was small; (II) since 
Borrmann type IV patients were included in the study, the 
heterogeneity of gastric cancer might have affected the 
patients’ prognoses; and (III) no other abnormal changes 
(e.g., CLDN18-ARHGAP26 fusion) in the RhoA signaling 
pathway were included in the analysis. Therefore, the 
relationship between RhoA mutations and the stage and 
prognosis of gastric cancer still requires further studies with 
larger sample sizes (27).

RhoA mutations and DGC treatment

As described above, compared with IGC, DGC is 
more malignant and has a worse prognosis. Currently, 
multidisciplinary treatment (mainly surgical resection) is 
still the mainstream treatment for gastric cancer. Despite 
the advances in a variety of treatment methods, the 
outcomes of gastric cancer patients are far from satisfactory. 
For patients with human epidermal growth factor receptor 2 
(HER2)-positive gastric cancer, postoperative chemotherapy 
combined with anti-HER2 therapy is currently the only 
proven targeted therapy for gastric cancer (28). According 

to Kakiuchi et al., however, the HER2-positive type 
accounted for only 4.5% of RhoA-mutant gastric cancer (21),  
and its positive rate was also below 10% among all DGC 
cases (29). Thus, new molecularly targeted drugs for 
DGC are urgently needed. RhoA mutations specifically 
occur in DGC and are closely related to the occurrence 
and development of this malignancy; in contrast, RhoA is 
highly conserved in normal cells. Thus, it can be used as a 
potential therapeutic target. For example, a targeted drug 
may be designed to affect the binding of RhoA mutants 
to GTP or the interaction between RhoA and regulatory 
proteins (e.g., GAPs and GEFs) without worrying about its 
effect on normal cells.

Summary

In summary, RhoA mutations are not common in malignant 
tumors, but they specifically occur in DGC. The functional 
changes after RhoA mutations are still controversial, 
although functional defects or new functions may develop, 
as proved in biochemical studies. In terms of the biological 
behaviors of DGC, it is currently believed that RhoA 
mutations promote the occurrence and development 
of gastric cancer through various known and unknown 
mechanisms and thus play the roles of oncogenes (30). 
However, studies with limited sample sizes did not find the 
impact of RhoA mutations on the prognosis of DGC, and 
thus RhoA mutations are still not a prognostic factor. RhoA 
mutation may become a potential therapeutic target for 
GDC, which may improve the prognosis of DGC patients 
and achieve personalized treatment. Further research is still 
needed to elucidate how RhoA mutants play a carcinogenic 
role in the tumor environments, and rationally designed 
studies with larger sample sizes are warranted to clarify the 
relationship between RhoA mutations and clinical features of 
DGC.
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