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Introduction

Gastric cancer (GC) is the fourth leading cause of 
cancer-related mortality worldwide and the fifth most 
common malignant tumor, with a persistently poor 
prognosis despite advances in diagnosis and treatment 
[1-3]. The majority of GC cases occur in countries with 
high human development indexes, with a high incidence 
in Asia, particularly China [2, 4-6]. Adenocarcinoma is 
the predominant histological type, accounting for 85-90% 
of all cases [7, 8]. GC affects males more frequently than 
females in developed nations, and the five-year survival 
rate is less than 20% [9, 4, 10-13]. Despite improvements 
in treatment, the prognosis for individuals with metastatic 
GC remains poor, with a median overall survival of less 
than a year [14-16]. Surgery is the primary treatment for 
GC, but its effectiveness is limited in advanced-stage 
cases. Chemotherapy is commonly used in advanced-stage 
GC, but it has a low response rate and short survival time 
and may result in severe side effects [17, 18]. Recently, 
immunotherapy has emerged as a promising treatment 
for advanced GC, with a better understanding of the 
tumor microenvironment facilitating the development of 
immunotherapies [19-24].

Abstract

Objective: To review the role of Rho GTPase Activating Protein (ARHGAP) and Bone Marrow Kinase X (BMX) in 
the progression and development of gastric cancer (GC), and to highlight their potential as therapeutic targets. Method: 
A comprehensive literature review was conducted to assess current evidence regarding the involvement of ARHGAP 
and BMX in GC, focusing on their expression levels, association with prognosis, and impact on tumor behavior. 
Results: Current research indicates that both ARHGAP and BMX are up-regulated in GC tissues, correlating with poor 
prognosis and aggressive tumor characteristics. These findings suggest that they play significant roles in the mechanisms 
underlying GC progression. Conclusion: The evidence supports the critical involvement of ARHGAP and BMX in GC, 
suggesting their potential as therapeutic targets. Further research is essential to clarify the mechanisms by which these 
proteins influence gastric cancer progression and to evaluate their viability as targets for new therapeutic strategies.

Keywords: Rho GTPase activating protein- ARHGAP family genes- BMX protein- Stomach neoplasm- Gene fusion

REVIEW

Understanding the Role of Rho GTPase Activating Protein 
and Bone Marrow Kinase X: A Novel Target in Gastric Cancer 
Treatment

GC is a complex and multifaceted disorder, shaped by 
a dynamic interplay of environmental and genetic factors. 
Recent advances have implicated dysregulated gene 
expression and epigenetic modifications as key drivers 
of gastric carcinogenesis. These molecular aberrations 
can disrupt the delicate balance of cellular processes, 
paving the way for the malignant transformation of gastric 
epithelial cells [25].GC is one of several fusion genes 
implicated in cancer [26, 27]. Rho GTPase Activating 
Protein and Bone Marrow Kinase X (ARHGAP-BMX) 
is a novel gene fusion identified in GC [28]. Genetic 
changes leading to an imbalance of Rho/Rac/Cdc42-like 
GTPases may link the ARHGAP family to cancer [29, 
30]. The ARHGAP family includes several cancer-related 
proteins, such as ARHGAP18, which inhibits GC growth 
and progression [31]. Inhibiting BMX-ARHGAP may 
suppress GC progression by blocking the JAK/STAT 
pathway [32]. BMX encodes a non-receptor tyrosine 
kinase, while ARHGAP12 encodes a protein activating 
Rho GTPase. Given BMX links to tumor development and 
spread, it is plausible that the chimeric transcript activated 
BMX-mediated tumorigenicity in GC patients [33, 34]. 

The persistently poor prognosis of GC despite 
advances in diagnosis and treatment highlights the need for 
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novel therapeutic strategies. The identification of fusion 
genes, such as ARHGAP-BMX, offers a promising avenue 
for targeted therapies. As GC is a complex disease with 
heterogeneous molecular profiles, understanding the role 
of ARHGAP-BMX in GC growth and progression may 
provide insights into treatment approaches. This review 
aims to consolidate and analyze existing evidence on 
ARHGAP-BMX role in GC, exploring its influence on 
GC growth, progression, and potential therapeutic targets. 

The ARHGAP family 
The ARHGAP family is pivotal in regulating cancer 

development, primarily through its influence on Rho 
GTPase activity, a key factor in cancer progression [35]. 
Rho GTPases function as molecular switches that govern 
essential cellular processes and abnormal Rho GTPase 
signaling is frequently implicated in various cancers [35]. 
The human genome encodes 20 members of the Rho 
GTPase family, alongside various Rho guanine nucleotide 
exchange factors (RhoGEFs) and Rho GTPase-activating 
proteins (RhoGAPs), which collectively modulate Rho 
GTPase activity [36, 37]. 

While RhoGAPs are known for their promiscuity, 
allowing them to inactivate multiple GTPases in vitro, their 
substrate selectivity in vivo is more limited, suggesting 
that additional protein domains play a significant role 
in regulating specificity (Figure 1) [38, 39, 37, 40]. 
Although there is some redundancy in function among 
RhoGAP family members, recent studies indicate that this 
redundancy is less extensive than initially believed [41]. 

The dynamic interplay between RhoGEFs and 
RhoGAPs facilitates the cycling of Rho GTPases between 
their active and inactive forms, promoting the hydrolysis 
of guanosine triphosphate (GTP) and the release of 
guanosine diphosphate (GDP) [42]. Rho GTPases are 
essential for a variety of cellular processes, including 
cytoskeleton organization, gene regulation, vesicle 

trafficking, cell cycle progression, and cell migration [43]. 
Their involvement extends to pathological processes such 
as cancer, inflammation, and wound healing [44].

In summary, the ARHGAP family is crucial for cancer 
development, underscoring the significance of Rho GTPase 
signaling pathways. The intricate relationship between 
RhoGEFs and RhoGAPs highlights the complexity 
surrounding Rho GTPase activation and its implications 
for cancer progression. By further understanding the 
specific functions and interactions within the ARHGAP 
family, researchers can enhance their knowledge of 
cancer biology and identify potential therapeutic targets. 
Continued investigation into the ARHGAP family may 
lead to innovative strategies in precision medicine and 
cancer treatment.

The role of ARHGAP in GC
The ARHGAP family encompasses a plethora of 

cancer-associated proteins, including ARHGAP18 and 
ARHGAP11A [30]. ARHGAP18 encodes solely the 
RhoGAP domain and has been implicated in both tumor-
suppressive and oncogenic roles in cancer [45, 46]. In GC, 
ARHGAP18 exhibits downregulated expression levels 
in tumor tissues compared to normal tissues, suggesting 
a tumor-suppressive function [31]. Overexpression of 
ARHGAP18 in GC cells inhibits in vivo tumor formation, 
cell viability, migration, and invasion [31]. 

Conversely, ARHGAP11A has been identified as an 
oncogene with elevated expression in GC patients with 
lymph node metastasis [47]. Whole exon and genome 
sequencing revealed multiple metastases in a series of 
ongoing investigations, highlighting ARHGAP11A as a 
key gene contributing to the clonal evolution of metastatic 
GC [47]. However, the precise mechanisms by which 
ARHGAP11A promotes metastasis and its relationship 
with immune infiltrates, such as TILs, in GC remain 
obscure. In this study, we reviewed the expression of 

Figure 1. Schematic Representation of the ARHGAP Family. Adapted from by Rossman and colleagues [36]
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and progression may provide valuable insights into 
novel treatment strategies. The altered expression of 
Rho GTPases in cancer also underscores the importance 
of investigating their regulatory pathways and upstream 
regulators, which may offer additional opportunities for 
therapeutic intervention.

Fusion of ARHGAP-BMX gene in GC 
The fusion of the ARHGAP-BMX gene represents a 

critical area of exploration in the realm of GC research. 
This gene fusion was first identified through advanced 
bioinformatics tools such as Defuse [56] and TopHat 
[57] , marking a significant milestone in understanding 
the molecular intricacies of GC. Gene fusions, notably, 
lead to substantial alterations in gene structure, resulting 
in the production of proteins with modified molecular 
functions that can have profound implications for 
tumor development [58]. This mechanism of oncogenic 
activation is not unique to GC; it is also implicated in 
various malignancies, including leukemia, lymphoma, 
breast cancer, and prostate cancer [59]. 

The emergence of gene fusions like ARHGAP-BMX 
unveils a distinct pathway through which the dynamics 
of cancer stem cells are influenced. These fusions can 
significantly alter the tumorigenic capabilities of cancer 
stem cells, bestowing upon them the ability to proliferate 
and differentiate into diverse tumor cell populations. This 
phenomenon contributes to the heterogeneity of the tumor 
microenvironment and poses challenges in therapeutic 
efficacy due to the resultant resistance to interventions  
[58, 60]. 

The ARHGAP family, particularly ARHGAP12 and 
ARHGAP26, has been linked to cancer progression 
through genetic alterations that disturb the signaling 
balance of Rho, Rac, and Cdc42-like GTPases [30]. 
Notably, both BMX and ARHGAP independently 
facilitate tumor growth, further emphasizing their 
significance in oncogenesis. BMX plays a pivotal role 
in maintaining glioma stem cell-derived pericytes, 
and its inhibition has been associated with heightened 
sensitivity to chemotherapy [61]. Additionally, BMX 
has been identified as a promoter of castration-resistant 
prostate cancer, highlighting its ability to potentiate the 
activities of receptor tyrosine kinases via phosphotyrosine 
modifications in their activation loops [62]. 

The ARHGAP-BMX gene fusion has also been 
reported to alter endocytic pathways, specifically 
inhibiting clathrin-independent endocytosis—a process 
with implications for GC pathophysiology [29. 63]. 
Exploring this fusion’s expression in GC tissues and cells 
has revealed promising insights, particularly regarding the 
SH2 domain-JAK/STAT3 axis, which plays a crucial role 
in maintaining GC stem cell characteristics. This axis, 
influenced by ARHGAP-BMX, suggests the presence of 
novel therapeutic targets for GC [64]. 

Moreover, research indicates that the suppression of 
ARHGAP-BMX leads to the inhibition of RhoA, thereby 
obstructing the JAK/STAT pathway from facilitating the 
progression of GC cells [32]. The compelling evidence 
surrounding the ARHGAP-BMX fusion gene underscores 
its potential as both a contributor to disease development 

ARHGAP11A in various tissue types and discovered 
significantly elevated expression in gastrointestinal 
malignancies, including adenocarcinomas of the stomach. 
These findings suggest that the ARHGAP family is 
implicated in the development of GC through multiple 
mechanisms. ARHGAP18 exhibits tumor-suppressive 
properties, while ARHGAP11A may promote metastasis. 
In summary, the ARHGAP family plays a complex role 
in GC development, and further research is necessary to 
clarify the specific processes behind their involvement. 
The potential of ARHGAP proteins as diagnostic and 
therapeutic targets in GC treatment warrants further 
investigation.

BMX genes 
The kinase enzyme BMX, located on the X 

chromosome, has been linked to various forms of 
cancer, where it influences the viability and malignant 
potential of stem cells driving glioblastoma [34]. A 
fusion event combining BMX with ARHGAP12 may 
trigger a powerful oncogenic mechanism in gastric 
cancer patients, as BMX, a tyrosine kinase lacking a 
receptor, has been shown to enhance tumor progression 
and dissemination across multiple cancer types [48, 33, 
34]. BMX is believed to play a role in promoting tumor 
growth by preventing the apoptosis that is typically 
induced by chemotherapy and radiotherapy in colorectal 
cancer [49]. This protein boasts two crucial domains: an 
SH2 domain that interacts with tyrosine-phosphorylated 
proteins and a PH-like domain that binds to membranes 
[50]. Notably, BMX is regulated by several oncogenes, 
including Src and phosphoinositide 3-kinase, and is also 
activated by inflammatory pathways[34]. Moreover, BMX 
has been linked to drug resistance, as overexpressing 
BMX can override the inhibitory effects of miR-495 on 
drug resistance[51]. Intriguingly, BMX has been shown 
to modulate the survival and tumorigenicity of cancer 
stem cells in glioblastoma and is expressed in a multitude 
of cancers [34]. 

In our view, the role of BMX in GC warrants further 
investigation, particularly in light of its potential to 
promote tumorigenicity and drug resistance. The 
interaction between BMX and ARHGAP12 may also 
have significant implications for our understanding of GC 
development and progression. Furthermore, the regulation 
of BMX by oncogenes and inflammatory pathways 
suggests that targeting BMX may be a promising strategy 
for cancer therapy.
Rho GTPases Altered Expression and Mutations in Cancer

Rho GTPases are crucial regulators of various 
cellular functions, including cell migration, survival, and 
proliferation. Consequently, it is unsurprising that aberrant 
expression of Rho GTPases or their upstream regulators 
is a common occurrence in cancer. Interestingly, Rho 
GTPases are often overexpressed in cancers, rather 
than being downregulated, suggesting that they play a 
significant role in promoting tumorigenesis [52-55].

Notably, the frequent overexpression of Rho GTPases 
in cancer highlights their potential as therapeutic targets. 
Moreover, understanding the specific mechanisms by 
which Rho GTPases contribute to cancer development 
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and a target for therapeutic intervention in gastric cancer. 
In summary, the ARHGAP-BMX fusion gene 

emerges as a pivotal factor in understanding the 
molecular underpinnings of gastric cancer. As ongoing 
research delves deeper into the mechanisms at play, 
there is a critical need to elucidate the full spectrum of 
its implications for GC progression and treatment. This 
understanding could herald novel strategies for targeted 
therapies, establishing ARHGAP-BMX as a promising 
therapeutic target in the pursuit of more effective cancer 
treatments. Ultimately, the exploration of this gene fusion 
not only enhances our comprehension of gastric cancer 
biology but also opens new avenues for innovative 
therapeutic approaches.

Fusion of ARHGAP with other proteins (Claudins 18) 
in GC

The fusion of CLDN18 with ARHGAP in GC patients 
has emerged as a significant marker of poor prognosis. 
Recent systematic reviews and meta-analyses indicate 
that individuals with the CLDN18-ARHGAP fusion 
exhibit a notably higher risk of mortality compared to 
those without this genetic alteration [65]. This fusion 
protein may disrupt the structural integrity of the wild-type 
CLDN18, potentially compromising cancer cell adhesion 
and contributing to the aggressive behavior of tumors [66].

Moreover, the presence of the CLDN18-ARHGAP 
fusion is associated with an earlier onset of GC, suggesting 
that it may serve as a critical factor in the disease’s 
progression and ultimately lead to poorer survival 
outcomes [67]. In particular, research by Dong et al. 
highlighted the oncogenic potential of the CLDN18-
ARHGAP26/6 fusion, establishing its fusion status as an 
important predictor of metastatic spread in diffuse-type 
gastric cancer [68].  

These findings collectively underscore the need 
for further investigation into the CLDN18-ARHGAP 
fusion, particularly regarding its role in GC development 
and its potential as a target for therapeutic strategies. 
Understanding the molecular mechanisms underlying 
this fusion could pave the way for novel interventions 
aimed at improving clinical outcomes for patients with 
gastric cancer.

Expression of BMX-ARHGAP in GC tissues and cells
Research reveals that GC tissues and cells demonstrate 

significantly higher levels of BMX-ARHGAP expression 
compared to normal gastric tissue. Several studies have 
documented elevated concentrations of the BMX-
ARHGAP fusion gene in GC samples, with RT-PCR 
and gel analysis identifying this fusion in approximately 
26.7% of GC patients’ tumor tissues [29, 64]. Additionally, 
enrichment of ARHGAP-BMX has been observed in these 
malignant tissues [64]. 

Given that BMX encodes a nonreceptor tyrosine 
kinase and ARHGAP12 activates the Rho GTPase, the 
chimeric transcript BMX-ARHGAP is likely involved 
in BMX-mediated tumorigenesis in GC patients [33, 34]. 
However, the exact mechanistic role of BMX-ARHGAP 
in the progression and development of GC remains to 
be fully understood. This necessitates further research 

to explore its potential as both a therapeutic target and a 
diagnostic marker.

Notably, overexpression of ARHGAP-BMX has been 
shown to increase the expression of BMX-SH2 protein 
levels. A western blot analysis demonstrated that the 
presence of sh-ARHGAP-BMX resulted in a significant 
reduction of ARHGAP-BMX protein expression, while 
overexpression led to an increase [64]. Interestingly, no 
considerable changes were reported in the levels of BMX 
and ARHGAP proteins across different experimental 
groups. Furthermore, overexpressing ARHGAP12 
negatively affected cellular invasion, scattering, and 
adhesion to fibronectin [69]. 

These findings collectively suggest that the ARHGAP-
BMX fusion gene plays a pivotal role in tumor 
development, potentially serving as a target for innovative 
therapeutic strategies. The study underscores that high 
expression of ARHGAP-BMX is associated with poor 
prognosis in gastric cancer, highlighting the importance 
of this fusion in clinical outcomes.

The role of JAK/STAT3 in ARHGAP-BMX regulation
The ARHGAP-BMX fusion gene plays a significant 

role in GC by acting as an activator of the JAK/STAT3 
signaling pathway, which is critical for enhancing cell 
invasion, migration, and tumorigenicity [64, 70]. High 
levels of ARHGAP-BMX expression in GC tissues 
correlate with poor patient prognosis, making it an 
important target for therapeutic strategies aimed at treating 
this malignancy. 

Mechanistically, the involvement of the JAK/STAT3 
pathway is underscored by the increased phosphorylation 
of JAK2 and STAT3, indicating that the ARHGAP-BMX 
fusion is responsible for activating this signaling cascade. 
Interestingly, research has shown that targeting BMX can 
mitigate JAK2-mediated STAT3 activation, while BMX 
can also circumvent the inhibitory effects of SOCS3 
on JAK2, providing a novel approach for the targeted 
elimination of glioma stem cells [71]. Moreover, knocking 
down BMX expression has been demonstrated to prevent 
STAT3 activation and inhibit the activity of transcription 
factors that drive tumorigenicity in glioblastoma stem 
cells [72]. 

The JAK/STAT3 pathway is intricately linked to 
invasion and metastasis in GC, with evidence indicating 
that blocking this pathway reduces migration and 
invasion of GC cells [73, 74]. Despite the need for further 
clarification on how this pathway regulates GC stem 
cells, it is recognized as a master regulator of cancer 
stem cell characteristics in other malignancies, such as 
hepatocellular carcinoma [75]. 

The oncogenic potential of the ARHGAP-BMX fusion 
gene in GC is manifested through the upregulation of 
BMX-SH2,[64], further affirming its role in activating 
the JAK/STAT3 signaling pathway. This activation is 
essential not just for tumor progression but also for the 
maintenance of cancer stem cell properties, highlighting 
the potential of ARHGAP-BMX as a valuable target for 
innovative treatment strategies in gastric cancer. The 
findings emphasize the need for continued research into 
the interplay between ARHGAP-BMX and JAK/STAT3, 
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which could lead to the development of effective therapies 
aimed at improving patient outcomes in GC as shown in 
Figure 2.

Exploring the Clinical Potential of RhoGAP and BMX
GC continues to be a major contributor to cancer-

related deaths globally [1], underscoring the urgent need 
for new therapeutic targets and prognostic indicators. The 
identification of RhoGAP and BMX as critical regulators 
in the progression of GC has important ramifications for 
developing innovative treatment approaches. The inherent 
heterogeneity of GC presents a significant challenge for 
therapeutic interventions, making the exploration of drug 
therapies a critical area of research. Recent investigations 
have emphasized the involvement of RhoGAP and BMX 
in the development and progression of GC, highlighting 
their potential utility in clinical settings[28, 64].

Gene fusions are integral to the processes of tumor 
diagnosis and prognosis assessment [76-78]. Some 
fusion genes that are specific to certain cancer types can 
be effectively targeted with pharmacological agents [79-
82]. The expression of BMX has been noted in a variety 
of cancers, influencing the survival and tumorigenic 
potential of cancer stem cells, particularly in glioblastoma 
[34]. BMX is believed to act as a tumor promoter by 
impeding apoptosis induced by chemotherapy and 
radiotherapy in colorectal cancer [83]. The ARHGAP 
family includes several proteins associated with cancer 
progression [30]. For instance, ARHGAP18 has been 
identified as a suppressor of tumor growth in GC [31]. 
Research conducted by Dong et al. indicates that the 
CLDN18-ARHGAP26/6 fusion plays an oncogenic role, 
and its presence is a distinct predictor for metastasis to 
distant organs in diffuse-type GC [66, 68]. The CLDN18-

ARHGAP fusion exists in three variants, leading to 
dysfunctional behaviors of CLDN18 and ARHGAP, 
which causes the non-traditional epithelial-mesenchymal 
transition, impaired cell adhesion, and compromised 
epithelial integrity [67]. Patients harboring this fusion 
tend to be diagnosed at a younger age, exhibit a poorer 
prognosis, and show a higher frequency of diffuse GC [63, 
84]. Additionally, recurrent fusions found in GC, such as 
CTNND1-ARHGAP26, ANXA2-MY09A, and BMX-
ARHGAP, reveal that the RhoGAP domain frequently 
serves as the 3’ fusion partner [32, 85] . Consequently, 
both BMX and ARHGAP are implicated in the oncogenic 
processes across various types of cancer.

The therapeutic potential of RhoGAP and BMX in GC 
offers valuable avenues for the development of targeted 
therapies. The BMX-ARHGAP fusion gene has emerged 
as a significant oncogenic factor in GC, enhancing self-
renewal capabilities and promoting the proliferation and 
invasion of cancer stem cells through the activation of the 
SH2-domain-mediated JAK/STAT3 signaling pathway 
[58, 86]. Inhibiting this fusion gene has been shown 
to halt cancer progression by disrupting this critical 
pathway, which is closely linked to the characteristics 
of cancer stem cells and aggressive tumor behavior[73, 
74, 87]. Furthermore, targeting the JAK/STAT signaling 
pathway has been associated with reduced angiogenesis 
and metastasis, as well as diminished migration and 
invasion of GC cells [58, 74]. Moreover, a combined 
approach of targeting the BMX-ARHGAP fusion gene and 
the JAK-STAT pathway could effectively reduce tumor 
growth and metastatic spread [62, 68]. The influence 
of BMX-ARHGAP on the markers associated with GC 
stem cells underscores the potential of therapies directed 
at this interaction to prevent cancer stem cell persistence 

Figure 2. Schematic Representation of the Role of ARHGAP-BMX Regulation in GC Stem Cell Characteristics. By 
maintaining the stemness of GC stem cells and activating the JAK/STAT3 signaling pathway through the BMX-SH2 
protein, the ARHGAP-BMX fusion gene increases the tumorigenicity of GC stem cells. 
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and tumorigenicity. Therefore, further investigation into 
the BMX-ARHGAP/SH2 domain/JAK/STAT3 signaling 
axis is crucial to advancing new and innovative treatments 
for GC.

Upcoming research should concentrate on carrying out 
clinical trials to evaluate the effectiveness of inhibitors 
aimed at these proteins in individuals diagnosed with 
gastric cancer. Additionally, exploring the possibility of 
using RhoGAP and BMX as predictive biomarkers for 
responses to current treatments, including chemotherapy 
and immunotherapy, may offer significant insights for 
tailoring personalized therapeutic approaches.

In conclusion, the analysis of the ARHGAP family, 
particularly in GC, highlights its multifaceted involvement 
in cancer biology. The dichotomy observed in the roles 
of different ARHGAP members, such as ARHGAP18 
functioning as a tumor suppressor while ARHGAP11A 
appears to promote oncogenic processes, underscores the 
complexities of Rho GTPase signaling in tumorigenesis. 
The fusion events involving ARHGAP and other proteins 
like BMX and CLDN18 illustrate critical mechanisms 
through which these genes may drive disease progression, 
influence cancer cell behavior, and contribute to poor 
patient outcomes. Moreover, the interplay between 
ARHGAP-BMX and the JAK/STAT3 signaling pathway 
points to promising avenues for future therapeutic 
strategies that could target these pathways to mitigate 
tumor growth and metastasis. Elevated expression of the 
BMX-ARHGAP fusion in GC tissues indicates that it 
may serve as a viable diagnostic marker and therapeutic 
target. As the research continues to unfold, it is clear that 
a deepened understanding of these molecular interactions 
will be essential for the development of innovative 
and tailored approaches in precision medicine for GC. 
This area of study holds the potential for significant 
advancements in the diagnosis and treatment of gastric 
cancer, paving the way for improved prognoses and patient 
care. Continued investigation into the ARHGAP family 
and their associated pathways is not only warranted but 
crucial for unlocking new therapeutic opportunities in the 
battle against cancer.
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