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Diffuse type gastric cancer (DGC) is one of the cancers that have the highest unmet medical 

needs. Ras homolog family member A (RHOA) missense mutations exist specifically in DGC but not 

intestinal type gastric cancer (IGC). Therefore, mutated RHOAs are considered as one of the DGC 

driver genes, but it is not fully understood how RHOA mutations contribute to DGC development. To 

solve this problem, I evaluated in vitro and in vivo function of RHOA mutations for DGC development. 

Firstly, I examined how RHOA mutations affect cancer cell survival and cell motility in vitro. 

When I knocked down the expression of RHOA in various RHOA mutated cancer cell lines, several 

cancer cells showed remarkable cell death. Interestingly, the downregulation of mutated RHOAs 

induced ROCK signaling activation through the feedback upregulation of RHOB. Next, I introduced 

several RHOA mutations in RHOA wild type (WT) gastric cancer cell line to evaluate cell motility. 

Mutated-RHOAs promoted cell migration decreasing the stress fiber formation, that is a major event 

following ROCK signaling activation, but not cell invasion. These results indicated that RHOA 

mutations contributed cell survival and cell migration by keeping ROCK inactive. The fusion proteins 

of CLDN18 and ARHGAP (CLGs) are known to be mutually exclusive to RHOA mutations in DGC, 

therefore I evaluated the relationship between CLGs and RHO-ROCK signaling. I revealed that CLGs 

contributed cell survival and also cell migration via GAP domain, that is a functional domain to 

promote RHO proteins to inactive form. I summarized a series of evidence for the mechanism related 

cell survival and migration induced by RHOA mutations and CLG fusions in Figure 0-1. These findings 
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show that the inactivation of ROCK would be a key step in DGC development. 

Secondly, I established in vivo model to evaluate the contribution of RHOA mutations for 

tumor development. I attempted to characterize the biological difference between subcutaneous (SC) 

and orthotopic (ORT) models of the RHOA-mutated gastric cancer cell line OE19 by pathological 

analysis and CASTIN (CAncer-STromal INteractome) analysis, which is a novel method developed 

to analyze the tumor-stroma interactome framework. Histopathologically, the SC tumors were well 

circumscribed from the adjacent tissue, with scant stroma and the formation of large ductal structures. 

In contrast, the ORT tumors were less circumscribed, with small ductal structures invading into 

abundant stroma. With CASTIN analysis, I successfully identified several interactions that are known 

to affect the tumor microenvironment as being selectively enhanced in the ORT model. The 

pathological analysis and CASTIN analysis revealed that ORT models have a more invasive character 

and enhanced interaction with stromal cells compared with SC models, therefore, ORT model would 

be suitable in vivo DGC model for the functional evaluation of RHOA mutations. 

Finally, I examined the contribution of RHOA mutations to DGC development using the 

ORT model of the gastric cancer cell line MKN74, in which wild type (WT)- or mutated (Y42C and 

Y42S)-RHOA had been introduced. When I confirmed the ROCK signaling in tumor with RNA 

sequencing, the gene set related to ROCK signaling inhibition was enriched in the RHOA-mutated 

group as well as in vitro. Also, inflammation- and hypoxia-related pathways were enriched in 
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mock/WT, however cell metabolism- and cell cycle-related pathways were enriched in Y42C/Y42S. 

Next, I conducted histopathological analysis to evaluate the relationship between the enriched 

pathways and tumor histology, and also the similarity between mouse model and clinical DGC. I 

revealed that small tumor nests were more frequent in RHOA mutants than in mock or WT. In addition, 

increased blood vessel formation and infiltration of macrophages within the tumor mass were observed 

in RHOA mutants. Furthermore, unlike mock/WT, the RHOA-mutated tumor cells had little antitumor 

host reaction in the invasive front, which is similar to the pattern of mucosal invasion in clinical 

RHOA-mutated DGC. A series of futures in RHOA-mutated group showed the partial similarity of 

clinical DGCs. Therefore, mutated RHOA functionally contributed to the acquisition of DGC features.  

A series of evidence will accelerate understanding of the contribution of RHOA mutations 

in DGC biology and the development of further therapeutics. 
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Figure 0-1: The summary of in vitro signal mechanism in RHOA mutants 

The illustration of the in vitro signaling mechanism in WT (1), mutated-RHOAs (2), mutated-RHOAs 

after knockdown (3) and CLG fusions (4). 
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ACTB  Beta-actin 

AITL  angio-immunoblastic T-cell lymphoma 

ATCC  American Type Culture Collection  

ATL  adult T-cell leukemia-lymphoma  

CAF  cancer associated fibroblasts 

CASTIN  CAncer-STromal INteractome 

CFL1  Cofilin-1 

CLDN  Claudin 

CLG  CLDN18-ARHGAP 

DEGs  differentially expressed genes 

DGC  diffuse type gastric cancers 

DLBCL  diffuse large B-cell lymphoma 

ECACC  European Collection of Animal Cell Cultures 

ECM  extracellular matrix 

EMT  epithelial-mesenchymal transition 

ES  enrichment score 

FDA  Food and Drug Administration 

GAP  GTPase-activating protein 
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GEF  guanine nucleotide exchange factor 

GSEA  Gene Set Enrichment Analysis 

HE  hematoxylin and eosin 

IGC  intestinal gastric cancer 

JCRB  Japanese Collection of Research Bioresources 

KCLB  Korean Cell Line Bank 

KEGG  Kyoto Encyclopedia of Genes and Genomes 

LIMK  LIM domain kinase 

LoF  loss-of-function 

MAPK  Mitogen-activated Protein Kinase 

MLC2  Myosin regulatory light chain 2 

MYPT1  myosin phosphatase targeting subunit 1 

NES  normalized enrichment score 

NGS  Next generation sequencing 

n.s.  no significant difference 

ORT  orthotopic 

PPI  protein-protein interaction 

PTCL-NOS  peripheral T-cell lymphoma not otherwise specified 
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RHOA  Ras homolog family member A 

RHO-GDI RHO GDP-dissociation inhibitor 

ROCK  Rho-associated protein kinase 

SC  subcutaneous  

SCID  severe combined immune- deficient 

TCGA  The Cancer Genome Atlas 

TM  transmembrane 

WT  wild type. 
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 According to the investigation of the World Health Organization, cancer is the major cause 

of death in worldwide countries [1]. Based on the report of Cancer Statics in Japan 2017 [2], cancer is 

also the leading cause of death in Japan for more than 30 years, and mortality rate is further increasing 

year by year. The mortality is cancer type dependent, but gastric cancer is second mortality in male 

following lung cancer, and forth in female [2]. Therefore, the development of effective drug for gastric 

cancer is earnestly desired.  

 Cancer is known as a disease of gene. Cancer cells arises from the transformation of normal 

cells through the accumulation of genetic alterations like mutations and fusions. Genetic alterations 

are induced by various carcinogens. The risk of carcinogens is evaluated and reported by the 

International Agency for Research on Cancer [3], and carcinogens are roughly categorized in 3 groups. 

First group is the physical carcinogens, such as ultraviolet and radiation [4-6]. Second group is the 

chemical carcinogens, such as asbestos and components of cigarette smoke like nitrosamines and so 

on [7-10]. Third group is the biological carcinogens, such as infections from certain viruses or bacteria 

[11-13]. One of major carcinogens of gastric cancer is Helicobacter pylori infection [14, 15], and other 

carcinogens such as alcohol consumption and smoking are also reported [16-18]. These carcinogens 

injure normal genes, and some of injured genes contribute cancer developments through mainly 

classified into two patterns [19-22]. One is oncogenes that accelerate abnormal cell growth. Well 

known oncogenes are KRAS, BRAF, PIK3CA, HER2, EGFR and ALK. The other is tumor suppressor 



16 

 

genes that repress cell growth and induce apoptosis. TP53, PTEN and RB are representatives of tumor 

suppressor genes. It is reported that either or both overactivation of oncogenes and inactivation of 

tumor suppressor genes induce cancer development. Therefore, the identification of disease specific 

oncogenes or tumor suppressor genes are quite important to reveal the mechanism of tumorigenesis 

and the development of future therapeutics which target the genetic features. 

 Molecular target agents are drugs that target cancer specific molecules involved in the 

growth and spread of cancer cells. Food and Drug Administration (FDA) approved molecular target 

agents in gastric cancer are only three in Sep 2019. First is Trastuzumab, which is a humanized 

monoclonal antibody to the HER2 receptor [23-25]. Second is Ramucirumab, which is a monoclonal 

antibody that binds to the VEGFR2 [23, 26-28]. Third is Pembrolizumab, which is a humanized 

monoclonal antibody that targets for the PD1 [29-31]. Because these target genes are amplified or 

overexpressed in gastric cancer, it would be effective to focus on genetic alteration or transcriptome 

abnormality to identify novel target genes. Trastuzumab, Ramucirumab and Pembrolizumab 

prolonged overall survival of gastric cancer patients, however the five years survival rate of gastric 

cancer in US is only 31.5% [32], so the unmet medical needs of gastric cancer are still high. 

Gastric cancer has two main histologic subtypes, intestinal gastric cancer (IGC) and diffuse 

gastric cancer (DGC), as classified by Lauren [33]. The relative frequencies are approximately 54% 

for IGC, 32% for DGC, and 15% for the mix type [34]. WHO also classified gastric cancer into four 
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major histologic patterns: tubular, papillary, mucinous and poorly cohesive including signet ring cell 

carcinoma [35]. Compared with Lauren and WHO, tubular and papillary type are mainly included in 

IGC, and DGC covers mucinous and poorly cohesive types [36]. It is indicated that IGC is a well 

differentiated type carcinoma, and DGC has poorly differentiated features. DGC is common in 

younger patients and shows worse prognosis than IGC [33, 37]. IGC is more often associated with 

Helicobacter pylori infection, but less in DGC [38]. Moreover, the rate of HER2 positivity is much 

lower than IGC [39], it means that the DGC patients are less applicable to Trastuzumab. Therefore, 

DGC is one of the cancers that have the highest unmet medical needs. 

Next generation sequencing (NGS) is effective methods to identify novel genomic or 

transcriptomic abnormality because it is possible to conduct comprehensive screening simultaneously. 

Actually, novel oncogenes or tumor suppressor genes has been identified with NGS [40-42]. The 

comprehensive analysis focus on DGC was not reported in 2014, so I collected 87 DGC patients and 

conducted genomic screening. As a result, Kakiuchi et al. identified novel DGC specific missense 

mutation in Ras homolog family member A (RHOA) gene [43]. Other groups also reported that frequent 

RHOA mutation were observed in DGC [44, 45]. Around the same periods, it was reported that RHOA 

was more often mutated in hematopoietic cancers such as angio-immunoblastic T-cell lymphoma 

(AITL) and peripheral T-cell lymphoma not otherwise specified (PTCL-NOS) [46-50]. A series of 

evidence indicated that mutated RHOA might be the novel target gene in some type of cancers 
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including DGC. 

RHOA is a member of RAS GTPase super family, which comprise over 150 members in human 

[51]. RHOA is only 22 kDa small monomeric G protein and shows high homology with RHOB and 

RHOC: 85% amino acid sequence identity each [52-53]. RHOA exhibit high-affinity binding for GDP 

and GTP. When bound to GTP, RHOA can bind to effector proteins and modulate cell behavior and 

cell morphology, therefore GTP-bound state is called active form. Because the intrinsic GTP 

hydrolysis and GDP/GTP exchange activities are low, GDP/GTP cycling is regulated by guanine-

nucleotide-exchange factors (GEFs) and GTPase-activating proteins (GAPs). GEFs promote 

formation of the GTP-bound active form, on the other hands, GAPs accelerate the intrinsic GTPase 

activity and exchange active form to GDP-bound inactive form [54]. Though RHOA is stabilized by 

Rho (guanine nucleotide dissociation inhibitor)-GDI in cytoplasm via protein-lipid interaction, after 

extracellular stimulation, RHOA is recruited and anchored in cellular membrane and GTP/GDP 

exchange is occurred by GEFs and GAPs [55]. 

RHOA has various biological functions such as cytoskeleton organization, cell motility, tissue 

development and cytokinesis [51, 56, 57]. Its cellular functions are dependent on several effector 

proteins including Rho-associated protein kinase (ROCK), Protein kinase N (PKN), Phospholipase 

D2 (PLD2), Myosin phosphatase target subunit 1 (MYPT1), mDia, Citron, Rhotekin, and Rhophilin 

[58, 59]. Within these effector molecules, it is reported that ROCK is a key regulatory protein of the 
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cellular functions such as cytoskeleton and cell polarity [60]. The relationship between RHOA and 

cancer have been investigated since long ago. It was reported that overexpression of RHOA was 

observed in various cancers such as colorectal, breast, liver, cervical and esophageal cancers, and its 

relationship to cell motility [61-63]. On the other hands, RHOA mutations were found in 2014. These 

mutations were accumulated in R5, G17 and Y42. G17 is located in GTP/GDP binging domain and 

Y42 is in effector protein binding region [43]. Therefore, RHOA mutations would contribute to DGC 

development in some form or other, however, the biological functions of mutated RHOA in DGC were 

poorly understood.  

The fusion proteins between claudin 18 (CLDN18) and GAP6 or GAP26 (CLG) were found in 

DGC specific manner [45, 64, 65]. Interestingly, RHOA mutations and CLG fusions were mutually 

exclusive [45]. CLDN18 is tetraspan transmembrane protein and involved in the cellular tight junction. 

It is reported that CLDN18 has 2 isoform, isoform 1 are mainly expressed in the lung [66], on the 

other hand, the expression of isoform 2 is restricted to the stomach mucosa [67]. Yasui et al. showed 

that CLDN18 was downregulated in gastric cancer with Serial Analysis of Gene Expression analysis 

[68]. Both GAP6 and GAP26 are member of RhoGAP proteins [54]. GAPs have multiple domain 

structures such as SH2, SH3, RHOGAP, BAR and PH. GAP domain is the key regulator to hydrolysis 

of GTP-RHO and negatively regulate RHO-ROCK signaling. To control the GAP hydrolysis activity, 

BAR domain interacts with the GAP domain and inhibit its GAP activity [69]. It was reported that the 
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upregulation of GAP6 inhibited lung cancer cell growth, migration and invasion [70], but the 

relationship between GAP6 and gastric cancer is unknown. As for GAP26, the circulating GAP26 

RNA was over-expressed in gastric cancer cells and its downregulation inhibited cancer cell growth 

[71], however there is no report to indicate the contribution to DGC development of GAP26. 

The objective in this study is to evaluate the contribution of mutated RHOA in DGC development 

and reveal the mechanism with in vitro and in vivo model. In chapter 1, I demonstrated that RHOA 

mutations maintained cell survival and increased cell migration through the mechanism of ROCK 

signaling inactivation in vitro. I also revealed whether CLG fusions had the similar function with 

RHOA mutations or not. In chapter 2, I established in vivo model to evaluate the contribution of RHOA 

mutations for tumor development. I showed the transcriptome and pathological difference between 

orthotopic (ORT) engraftment and subcutaneous (SC) engraftment, and ORT model was suitable for 

exploring DGC biology. In chapter 3, I evaluated in vivo function of RHOA mutations with ORT model 

and observed the pathological similarity to clinical RHOA-mutated DGC. A series of evidence revealed 

the novel biological insights of RHOA mutations in DGC. Further studies targeting RHOA mutations 

are expected to develop future effective therapeutics in DGC.  
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Chapter 1 

DGC-specific RHOA mutations maintained cancer cell survival and promoted cell migration 

via ROCK inactivation 
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Abstract  

 

 RHOA missense mutations exist specifically in DGC and are considered one of the DGC 

driver genes, but it is not fully understood how RHOA mutations contribute to DGC development. 

Here I examined how RHOA mutations affect cancer cell survival and cell motility in vitro. I revealed 

that cell survival was maintained by specific mutation sites, namely G17, Y42, and L57. These 

mutations are located in functional domains of RHOA, so I evaluated the relationship between RHOA 

mutations and the major downstream ROCK signaling. When the expression of mutated RHOA was 

knocked down, the expression of RHOB and RHOC were increased. Additionally, the phosphorylation 

of Myosin regulatory light chain 2 (MLC2), that is one of the substrates of ROCK, and following actin 

stress fiber formation were clearly promoted. When I suppressed the expression of RHOB 

simultaneously with RHOA knockdown, MLC2 was not phosphorylated and cell death was not 

induced. Through the same ROCK inactivating mechanism, RHOA mutations increased cell migration 

activity. Therefore, I realized that RHOA mutations act in a dominant-negative fashion against the 

ROCK signaling and contributed cell survival and cell migration. Also, ROCK reactivation via RHOB 

is the key step of cell death after mutated RHOAs knockdown. GAPs negatively regulate the functions 

of RHO proteins including RHOA and inhibit following ROCK signaling. The fusion proteins of 

CLDN18 and ARHGAP (CLGs) are known to be mutually exclusive to RHOA mutations in DGC. I 
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revealed that CLGs contributed cell survival and migration via GAP domain, that is the key domain 

to hydrolysis RHO proteins. Taken together, these findings show that the inactivation of ROCK would 

be a key step in DGC development, so ROCK activation might provide novel therapeutic opportunities. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



24 

 

Introduction 

 

DGC account for approximately 30% of all gastric cancers and are characterized by poorly 

differentiated adenocarcinoma with a worse prognosis than the intestinal type [36, 37, 72]. DGC 

infiltrate into adjacent stromal tissues, spread without clear polyps or ulcers, and frequently show 

intraperitoneal metastasis [73, 74]. Comprehensive genomic sequencing studies to identify DGC-

specific genetic alterations, including my previous study, have shown that 14–25% DGC patients carry 

RHOA missense mutations, such as R5W, G17E, Y42C, and L57V [43–45].  

RHOA is a small GTPase that belongs to the RHO family and has various biological 

functions, such as cytokinesis, cell motility, and tissue development [51, 56, 57]. RHOA cycles 

between the GDP-bound inactive form and the GTP-bound active form under the control of regulatory 

proteins like GEFs and GAPs. These regulatory proteins induce conformational change in RHOA to 

allow binding to substrates named effector proteins, one of which is ROCK. ROCK-LIMK-CFL1 

signaling contributes to actin filament stabilization, while ROCK-MLCP-MLC signaling promotes 

actomyosin formation [75, 76].  

In my previous work, I observed that a knockdown of RHOA in RHOA-mutated cancer cell 

lines represses cell survival significantly. Wang et al. also reported that introducing RHOA mutations, 

Y42 and L57V, to a murine intestinal organoid promotes cell survival [44]. Moreover, a comprehensive 
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investigation of The Cancer Genome Atlas (TCGA) revealed that negative regulators of RHOA, GAP6 

and GAP26, fused with the tight junction membrane protein CLDN18 in a DGC-specific manner [45]. 

The frequency of CLG fusions is 15% in DGC and, interestingly, RHOA mutations and CLG fusions 

are mutually exclusive. Although these results suggest that a dysregulated RHOA signal is related to 

DGC development, the details remain to be understood. In this chapter, I explored the contribution of 

RHOA mutations to DGC development, focusing on cell survival and also on cell motility, which is 

one of the features of DGC. Furthermore, I evaluated the functional relationship between RHOA 

mutations and CLG fusions. 
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Materials and Methods 

 

Cell lines 

The human cancer cell lines SK-UT-1, SNU-16, SW948, and BT474 were obtained from 

the American Type Culture Collection (ATCC); HCC95, SNU-719, SNU-484 and SNU-638 from 

Korean Cell Line Bank (KCLB); GP2D and OE19 from the European Collection of Animal Cell 

Cultures (ECACC); CCK81, KNS-62, MKN45 and MKN74 from the Japanese Collection of Research 

Bioresources (JCRB); CJM from Riken; and QG-56 from IBL. Each cell line was cultured using the 

medium recommended by the suppliers and maintained in a humidified incubator at 37°C with 5% 

CO2, except for SW948 cells, which were cultured without CO2.  

 

Generation of SW948 and MKN74 cell lines expressing RHOA mutants or CLG fusion genes 

For the rescue studies, silencing mutations were introduced into the RHOA coding sequence 

(NCBI RefSeq Sequence: NM_001664.3) so that introduced RHOA were resistant to RHOA-siRNAs. 

cDNA of CLDN18 (NCBI RefSeq Sequence: NM_001002026.2), GAP6 (NCBI RefSeq Sequence: 

NM_013423.2), and GAP26 (NCBI RefSeq Sequence: NM_001135608.1) coding sequences was 

amplified in mutation-negative cancer cell lines or a cDNA library of normal human tissue (Ambion). 

cDNA of CLG26 fusion gene was amplified by RT-PCR from a fusion-positive gastric cancer clinical 
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specimen. The synthesis of CLG6 fusion genes that combined cDNAs of CLDN18 and GAP6 was 

referred from a published report [45]. CLDN18 was fused to GAP6 and GAP26 that included the GAP 

domain. These sequences were inserted into the pLVSIN-CMV vector (Takara). Expression plasmids 

for each RHOA mutant and for CLG26 mutant with GAP domain were generated using site-directed 

mutagenesis PCR and the In-Fusion HD Cloning system (Clontech). The mixture of expression vector 

and ViraPower Lentiviral Packaging Mix (Thermo Fisher) was introduced into Lenti-X 293T cells 

(Takara) using FuGENE HD Transfection Reagent (Promega). After 48 hrs, the culture medium was 

harvested and virus particles were concentrated with Lenti-X Concentrator (Takara). Prepared 

lentivirus was transfected into each cell line with hexadimethrine bromide (final 8 ug/mL). 

Hygromycin was added to establish stable transfectants at a final concentration of 500 μg/mL for 

SW948 and 25 μg/ mL for MKN74.  

 

Inhibition and rescue assays of cell survival in 3D conditions 

An assay to evaluate the inhibition of cell survival in siRNA-treated cells and a function 

rescue assay were performed as described previously [43]. In brief, cells were seeded in 96-well ultra-

low attachment plates (Corning) in triplicate wells. At the same time, mixtures of siRNA and 

Lipofectamine RNAiMAX reagent (Thermo Fisher) were added to each well as 0.5 or 1 or 5 nM of 

siRNA solutions. The sequences of siRNAs are listed in Table 1-1A. As a non-targeting negative 
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control siRNA, Silencer Select Negative Control No.1 siRNA (Thermo Fisher) was used. The 

investigation of RHOA mutated cancer cell lines was utilized public database; CCLE; 

https://portals.broadinstitute.org/ccle/home and COSMIC; http://cancer.sanger.ac.uk/cosmic. The 12 

cell lines shown in Figure 1-1 were selected based on three criteria; namely, knockdown efficiency of 

RHOA-siRNA (over 75%), cell survival inhibition activity by KIF11-siRNA (over 70%), and mutation 

status, which was confirmed in-house. Each cell line had heterogeneous mutated and WT RHOA. In 

RHOA double-mutated cells (KOSC-2, CCK-81, and SNU-16), each mutation existed on different 

alleles. The viable cells were measured 7 days after siRNA transfection using the CellTiter-Glo 3D 

Cell Viability Assay (Promega). In the rescue assay, cell survival inhibition assays were performed in 

SW948 cell lines using siRNA-resistant RHOA or treatment with Y-27632 or RHOB/RHOC-siRNAs. 

For transient expression, I inserted each mutated RHOA into a pEBMulti-Neo vector (Wako). Each 

plasmid was transfected into SW948 cells by electroporation with the Nucleofector system (Lonza). 

Then the procedure described above was followed.  

 

qRT-PCR 

Cells were seeded in 6-well ultra-low attachment plates (Corning). Total RNA was extracted 

using the RNeasy Mini Kit (Qiagen). To evaluate RHOA, RNAs were extracted after 2 days of RHOA-

siRNA treatment, and to evaluate CLG fusion genes, RNAs were extracted after 2 days of cell seeding. 
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qRT-PCR was performed with Power SYBR Green PCR Master Mix (Applied Biosystems), using the 

primers. The sequences of primers are listed in Table 1-1B. PCR reactions were performed at 48°C for 

30 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 sec and 60°C for 1 min. Values 

obtained in qRT-PCR were normalized with RPS18. 

 

Western blot analysis 

Two days after transfection, cells were also lysed in RIPA buffer (Wako) supplemented with 

a protease inhibitor cocktail (Roche) and the phosphatase inhibitor PhosSTOP (Roche), and 

concentrations of the extracts were estimated with a DC protein assay (Bio-Rad). Total cell extract (3–

5 μg of protein per lane) was subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis, 

and the separated proteins were electrophoretically transferred to Immobilon-P membranes (Millipore). 

After blocking in Blocking One (Nacalai Tesque), the membranes were incubated in primary 

antibodies against RHOA (Cell Signaling, #2117), RHOB (Cell Signaling, #2098), RHOC (Cell 

Signaling, #3430), phospho-CFL1 (Ser3) (Cell Signaling, #3313), CFL1 (Cell Signaling, #5175), 

phospho-MLC2 (Thr18/Ser19) (Cell Signaling, #3674), MLC2 (Cell Signaling, #8505), phospho-

LIMK1 (Thr508)/LIMK2 (Thr505) (Cell Signaling, #3841), LIMK1 (Cell Signaling, #3842), LIMK2 

(Cell Signaling, #3845), phospho-MYPT1 (Thr696) (Cell Signaling, #5163), phospho-MYPT1 

(Thr853) (Cell Signaling, #4563), MYPT1 (Cell Signaling, #8574), and ACTB (Sigma-Aldrich, 
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A1978). ACTB was used as an internal control.  

 

Structural analysis 

The homology modelling of RHOA-GAP26 was constructed from an X-ray crystallographic 

structure of the RHOA-GAP1 complex (PDB: 1TX4; https://www. rcsb.org/pdb/home/home.do) using 

MOE2014 software (Chemical Computing Group). The figure of the RHOAGAP26 complex was 

drawn using PyMol v4.2.0 software (Schrödinger). 

 

Migration and invasion assay  

The MKN74 cell line was selected because it originated as differentiated gastric cancer, had 

RHOA-WT with no clear oncogenes (e.g. KRAS, FGFR2, HER2 etc.), and was easy to handle for 

transfection. FluoroBlok Multiwell Insert Systems with an 8-μm pore size (Corning) were used to 

perform the cell migration assay for MKN74 transfectants. The cells were seeded on top of the filter 

inserts in 1% FBS medium. Then the inserts were placed into the lower chamber, which was loaded 

with 10% FBS medium. Following incubation for 48 hrs, the cells that traversed the filter were stained 

with calcein AM (Dojindo), and the fluorescence was read by EnVision Multilabel Reader 

(PerkinElmer). Stained cells were analyzed with an IX83 Inverted Microscope (Olympus) using a 

UPLFLN 4X PH objective lens. Photo data processing was performed by Olympus cellSens 
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Dimension software ver 1.15 (Olympus). For invasion, BioCoat Tumor Invasion Multiwell Plates with 

8-μm pore size (Corning) were used. Invasion plates were re-hydrated with FBS-free media at 37°C 

for 2 hrs. After that, the procedure was the same as the migration assay. Invasion activity was 

calculated according to the maker’s protocol (invasion activity = mean number of invading cells/mean 

number of migrating cells).  

 

Immunocytochemistry and confocal microscopy  

Cells were seeded on Nunc Lab-Tek II CC2 Chamber Slide Systems (Thermo Fisher) and 

either siRNAs were added simultaneously or Y-27632 was added after 24 hrs incubation. 48 hrs later, 

cells were fixed with 4% PFA, permeabilized in 0.5% Triton X-100/PBS, and stained with Rhodamine 

Phalloidin (Thermo Fisher). DAPI was used for nuclear staining. Stained cells were analyzed with the 

A1 confocal fluorescence microscopy system (Nikon) using a CFI Apochromat Lambda S 60x Oil 

lens. Photo data processing was performed by NISElements software (Nikon).  
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Results 

 

RHOA-siRNA treatment inhibited 3D cell survival of RHOA-mutated cell lines in a mutation-

dependent manner  

To identify which mutation sites contribute to cancer cell survival, I selected RHOA-mutated 

cell lines from public databases (Table 1-2) and chose 12 cell lines. In 3D culture conditions, I 

evaluated the inhibition efficacy of RHOA-siRNAs on cell survival and observed significant RHOA-

siRNA dependent inhibition in cell lines HCC95, SW948, BT474, and OE19, which carried G17 or 

Y42 single mutations (Figure 1-1). On the other hand, cell survival inhibition seen in R5, Y34, E40, 

A61, and A69 single mutants or in R5/Y42 or R5/F39 double mutants was less clear, and cell survival 

of 4 RHOA-WT cell lines was not inhibited (Figure 1-2). There results indicated that RHOA mutations 

showed site dependent function for cell survival. 

 

Mutated RHOA contributed cell survival, and G17V, Y42C, Y42S, and L57V mutations showed 

functional complementarity to G17E  

Next, I investigated which types of RHOA contribute to cell survival in SW948 cells, which 

express G17E- and WT-RHOA heterogeneously. I used stable SW948 transfectants that expressed 

siRNA-resistant G17E- and WT-RHOA. After 48 hrs of RHOA-siRNA treatment, protein expression 
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of the siRNA-resistant RHOA was confirmed by Western blot analysis (Figure 1-3A). Because protein 

expression was faint, the expression of G17E/V, which was confirmed by quantitative RT-PCR (qRT-

PCR) (Figure 1-3B). Then, I evaluated whether RHOA-siRNA continued to inhibit cell survival or not 

(Figure 1-4). While the introduced G17E mutation restored cell survival, the WT did not. Therefore, 

it was revealed that mutated-RHOA was dominant phenotype and RHOA mutations but not WT 

contributed to cell survival and RHOA mutations. 

I also checked the functional complementarity with mutations that were found in clinical 

specimens. Because L57V-mutated cancer cell lines were unavailable commercially, I added the 

mutation for this experiment. The siRNA-dependent inhibition of cell survival was cancelled not only 

by the introduction of G17E, but also of G17V, Y42C, Y42S, and L57V; however, it was not cancelled 

by the R5W mutant (Figure 1-4). To negate the possibility if the expression level of introduced RHOA 

mutations were not sufficient, I also expressed abundant mutated RHOA transiently in SW948 (Figure 

1-5A) to evaluate cell survival, and the same tendency was observed (Figure 1-5B). These results 

revealed that the mutations in G17, Y42, and L57 also contributed to cancer cell survival. 

 

RHOA-knockdown in RHOA-mutated SW948 induced ROCK activation via RHOB  

To reveal the signal cascade that contributes to cell survival, I analyzed the time course of 

the ROCK pathway, which is one of the major RHOA signaling pathways, after RHOA-siRNA 
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treatment. I also evaluated the change in other RHO family proteins, RHOB and RHOC, and in signal 

molecules, ROCK1/2, MLC2, MYPT1, LIMK1/2, and CFL1. RHOA protein expression was knocked 

down significantly on Day 1 after RHOA-siRNA treatment and was almost completely depleted on 

Day 2 (Figure 1-6), while the expression of RHOB and RHOC proteins was accordingly elevated. 

RHOA-siRNA treatment elevated the phosphorylation of MLC2 (Thr18/Ser19). I also noted that 

MYPT1 (Thr696 and Thr853), which is a phosphatase of MLC2, was not phosphorylated (Figure 1-

7), and LIMK1 (Thr508)/LIMK2 (Thr505) and CFL1 (Ser3) were constantly phosphorylated 

independently of RHOA-siRNA. From these results, I assumed that RHOA depletion induced ROCK-

MLC2 signal activation. To clarify whether the ROCK activation induced by RHOA depletion affected 

the cytoskeleton or not, I stained for actin stress fiber. After RHOA-siRNA treatment, the formation of 

actin stress fiber was clearly increased and the shape was spiky (Figure 1-8). This result verified that 

a knockdown of RHOA activated ROCK and stimulated actin stress fiber formation. Next, to 

investigate whether the suppression of ROCK would promote cell survival or not, I evaluated the effect 

of a ROCK1/2 inhibitor, Y-27632, on the cell survival of SW948. I confirmed Y-27632 up to 33 μM 

did not affect SW948 cell survival (Figure 1-9). After treatment with Y-27632, the survival rate of 

RHOA-siRNA treated cells recovered significantly from 24% (nontreatment) to 82% (3 μM) and 92% 

(10 μM) (Figure 1-10). Y-27632 also inhibited the phosphorylation of MLC2 (Figure 1-11). I revealed 

that inactivation of ROCK promoted cell survival. Overall, this series of results revealed that RHOA 
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mutations keep ROCK inactive, so their effect on ROCK is negative regulator. 

I hypothesized that ROCK reactivation would be induced by RHOB and/or RHOC, because 

the expression of these RHO molecules was elevated after RHOA-siRNA treatment. To evaluate this 

hypothesis, I used RHOB and/or RHOC-siRNAs for a rescue study. The survival rate of RHOA-siRNA-

treated cells increased significantly from 13% to 61% (+RHOB- and RHOC-siRNAs), 59% (+RHOB-

siRNA) and 24% (+RHOC-siRNA) (Figure 1-12A). RHOB-siRNA inhibited the phosphorylation of 

MLC2 induced by RHOA-siRNA treatment (Figure 1-12B). These results revealed that ROCK 

activation was induced by RHOB in SW948. 

 

The inhibition of cell survival by RHOA-siRNA was cancelled by CLG fusions and GAPs, but not 

by CLDN18 

To reveal the functional relationship between RHOA mutations and CLG fusions, I treated 

stable SW948 transfectants that expressed CLG fusions with RHOA-siRNA. The expression was 

validated by qRT-PCR (Figure 1-13A, 1-13B). Utilizing these cell lines, I evaluated the effect on cell 

survival. The domain structures of CLDN18, GAP6, GAP26, CLG6, and CLG26 are shown in Figure 

1-14A. RHOA-siRNA-dependent cell survival inhibition was canceled by CLG6, CLG26, GAP6, and 

GAP26, but not by CLDN18 (Figure 1-14B). These results indicated that CLG fusions complemented 

RHOA mutations, in terms of their effect on cell survival.  
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Further investigation served to confirm whether survival in cells with CLG fusions was 

dependent on GAP, which inactivates RHOA. A published report indicated the intensity of the RHOA 

and GAP26 interaction by showing that mutations of K454 and R458 in GAP26 remarkably decreased 

the thermodynamic and kinetic scores [69]. Using 3D modeling, I confirmed that K454 and R458 are 

important for the interaction between GAP26 and RHOA (Figure 1-14C) because they form hydrogen 

bonds to D65 in RHOA. Therefore, I introduced K454A/R458E double-mutated CLG26 into SW948 

and established a stable transfectant in which GAP activity was eliminated. This double mutation in 

the GAP domain significantly decreased the contribution of CLG26 to survival (Figure 1-14D). These 

results suggested that GAP activity was necessary for cell survival. 

 

RHOA mutations and CLG fusions induced migration activity by inactivating ROCK  

Next, I evaluated the effect of RHOA mutations on cell motility, which is a feature of DGC. 

I introduced WT, G17E, Y42C, and Y42S into MKN74. The validated expression level was shown in 

Figure 1-15. I used the transfectants for migration and invasion assays in a Boyden chamber. 

Compared with mock, G17E, Y42C, and Y42S promoted cell migration activity 1.6- to 2.0-fold, 

whereas WT decreased the migration activity 0.65-fold (Figure 1-16A). Representative images of the 

migration assay are shown in Figure 1-16B. I also evaluated the invasion activity of these transfectants 

with a Matrigel-coated chamber, but a clear difference was not observed (Figure 1-16C). 
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As for CLG fusion genes, I established each transfectant (Figure 1-17A, 1-17B, 1-17C). 

When I evaluated cell motility in CLG fusions, migration activity compared with mock was 

significantly increased by CLG6, CLG26, GAP6, and GAP26, but not by CLDN18 (Figure 1-18A). 

However, when the K454A/ R458E double mutation in the GAP domain was introduced to the CLG26 

transfectant, the migration activity was diminished (Figure 1-18B). I revealed that, similarly to RHOA 

mutations, CLG fusions contributed to migration activity in addition to cell survival, and that this 

contribution was dependent on the GAP activity.  

As in the cell survival assays, I clarified the relationship between cell migration and ROCK 

activation by staining for actin stress fiber to reveal the cytoskeleton of MKN74 transfectants (Figure 

1-18C). The mock transfectant showed clear stress fiber formation localized around cell clusters; on 

the other hand, G17E, Y42C, and Y42S showed weaker actin stress fiber formation, and their 

localization around cell clusters was unclear. These cytoskeletal changes induced by RHOA mutations 

were similar to those found in Y-27632-treated cells, which indicates the possibility that the 

inactivation of ROCK also contributed to migration activity. To verify this hypothesis, I evaluated the 

migration activity of MKN74 after Y-27632 treatment. I confirmed Y-27632 up to 100 μM did not 

affect MKN74 cell survival (Figure 1-18D). As a result, Y-27632 increased migration activity 2.1-fold 

(3 μM) and 2.9-fold (10 μM) compared with non-treatment (Figure 1-18E). These results revealed that 

the inactivation of ROCK promoted cell migration activity.  
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Discussion 

 

In this study, I revealed that RHOA mutations promoted cancer cell survival and migration 

activity by inactivating ROCK. At first, the presence of several hotspot amino acids made me assume 

that RHOA mutations would be gain-of-function mutations, similar to mutations in RAS and RAC [78-

81]. However, contrary to my expectations, the knockdown of RHOA induced ROCK activation, and 

a ROCK inhibitor achieved cell survival similar to that seen in RHOA mutations; therefore, I 

concluded that functional RHOA mutations were loss-of-function (LoF) mutations for ROCK 

activation. Wang et al. reported that the amount of GTP form of RHOA in Y42C and L57V was less 

than that in WT and G14V in a pull-down assay [44], which would support my conclusion. Although 

RB1 and VHL are well known as tumor suppressor genes that have LoF mutations, they have no clear 

hotspots [82]. Despite the presence of hotspots, the RHOA mutations were LoF type, and cell lines 

acquired dominant-negative features when site-specific mutations were introduced. My analysis 

demonstrated that the hotspot mutations at G17, Y42, and L57 contributed to cell survival, but not 

those at R5 and L69. On the other hand, in Burkitt’s lymphoma, R5 mutation was reported to be a 

hotspot and to suppress RHOA-ROCK signaling [83], which suggests that the mechanism by which 

RHOA mutations induce dominant-negative properties might vary depending on the tumor type or cell 

type. My next challenge will be to clarify the mechanism by which each RHOA mutant inactivates 
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ROCK signaling in DGC. 

My study provided interesting insights about the mechanism of cell death by RHOA 

knockdown. Firstly, RHOA knockdown reactivated the ROCK pathway mainly via RHOB. I observed 

that the protein expression of RHOB and/or RHOC was induced in other cell lines besides SW948 

(Figure 1-19), as have other groups [84], which suggests that homeostasis to keep the total amount of 

RHOs is generally maintained. RHOs have been previously reported to complement each other 

functionally [53, 85]. Mutated RHOA suppresses ROCK activation, but it was interesting to see that 

upregulated RHOB after RHOA knockdown revitalized ROCK signaling through this complementary 

mechanism. Secondly, ROCK activation induced cell death in RHOA mutated cancer cells. In human 

ES cells and iPS cells, it has been reported that the inactivation of the ROCK pathway significantly 

enhances recovery of cells from cryopreserved stocks in cell culture [86]. Upon dissociation, these 

cells become vulnerable to apoptosis via a phenomenon called apoptotic membrane blebbing. The 

molecular mechanism that causes apoptotic membrane blebbing would involve ROCK signaling 

activation [87]; that is to say, the phosphorylation of MLC2 by ROCK induces hyperactivation of 

actomyosin and leads to dissociation-induced apoptosis. As its name suggests, cancer cells of DGC 

spread from the epithelial layer and diffuse into gastric stromal tissue. Similarly to ES and iPS cells, 

inactivation of ROCK might protect these vulnerable cancer cells from apoptotic cell death.  

The inactivation of ROCK signaling induced by RHOA mutations promoted not only cell 
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survival but also cell migration. RHOA mutations decreased the accumulation of actin stress fiber 

around cell clusters and reduced intercellular adhesion, thus loosening the aggregation of cells. These 

morphological changes might promote cell migration. This possibility is supported by a report that 

diminished cell-cell interaction by actomyosin was an important step for collective cell migration, the 

phenomenon by which a group of cells move in concert without completely losing their cell-cell 

attachment [88]. Several reports that have investigated the relationship between RHOA and cell 

motility showed that activation of RHOA by overexpression of WT or the constitutive active form 

(G14V) promoted cell migration [89, 90]. In contrast, my results showed that the introduction of WT 

and G14V decreased cell migration, and the dominant-negative mutation (T19N) enhanced cell 

migration (Figure 1-20). To find out how the different patterns of actin stress fiber accumulation affect 

cell migration, further time-dependent and cell-type-dependent analyses are necessary.  

In this study, I revealed that CLG fusions and RHOA mutations share a functional 

relationship; namely, in promoting cancer cell survival and migration. My mutagenesis experiments 

showed that the GAP domain was critical for the function of CLG fusions. Originally, GAPs have a 

BAR domain, which works as a feedback mechanism to suppress over-activated GAP activity [69], 

but CLG fusions lose their BAR domain. So I assumed that CLG fusions promote hydrolysis of GTP-

RHOA to GDP-RHOA and thus inactivate ROCK signaling. Since RHOA mutations and CLG fusions 

are both DGC-specific genetic alterations and are mutually exclusive, the inactivation of ROCK 
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signaling would be a key step in the development of DGC. A ROCK signaling activator might show 

broad therapeutic opportunities for ROCK-inactivated DGC patients. 
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Tables and Figures 

Table 1-1: DNA and RNA oligonucleotide sequences utilized in this study 
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Table 1-2: Summary of the mutation spectrum of RHOA in cancer cell lines 

 

Mutations were investigated in public databases CCLE and COSMIC and validated by in-house 

sequencing of hotspot regions. 
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Figure 1-1: Cell survival rate of various types of cancer cell lines treated with RHOA-siRNAs  

Endogenous RHOA-mutated cancer cell lines were seeded in a low attachment plate and then treated 

with each siRNA for 7 days. The viable cells were measured by CellTiter-Glo 3D Cell Viability Assay. 

Data are shown as mean ± SD (n = 3). Cell selection criteria (see Materials & Methods) ensured the 

knockdown efficiency of siRNAs. 
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Figure 1-2: Inhibition by RHOA-siRNAs of cell survival in RHOA-WT gastric cancer cell lines  

Cell lines were seeded in a low attachment plate and then treated with each siRNA for 7 days. The 

viable cells were measured by a CellTiter-Glo 3D Cell Viability Assay. Data are shown as mean ± SD 

(n = 3). 
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Figure 1-3: Protein (A) and mRNA (B) expression analysis of SW948 transfectants 

(A) Cells were seeded in a 6-well plate and then RHOA-siRNA was added. Proteins were eluted on 

day 2, and RHOA protein expression was detected by western blotting. (B) RHOA mRNA expression 

of SW948 transfectants of WT, G17E, G17V, and Y42C by qRT-PCR. Cells were seeded in a 6-well 

plate and then RHOA-siRNA was added. After 2 days incubation, mRNA expressions were compared 

by qRT-PCR. The PCR condition is described in Materials and Methods. Values obtained in qRT-PCR 

were normalized with RPS18. 
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Figure 1-4: Rescue study of RHOA-siRNA-dependent inhibition of cell survival in SW948 

SW948 was transfected with WT and each mutated RHOA. Cell lines were seeded in a low attachment 

plate and then treated with each siRNA for 7 days. The viable cells were measured by a CellTiter-Glo 

3D Cell Viability Assay. siRNA ID: s759 was used for RHOA-siRNA. Data are shown as mean ± SD 

(n = 3). Protein expression levels are shown in Figure 1-1A. 
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Figure 1-5: Rescue study of RHOA-siRNA-dependent inhibition of cell survival in SW948 cells 

that had been transfected to transiently express abundant WT RHOA and each mutated RHOA  

(A) Protein expression of each transfectant. Each vector plasmid was transfected into SW948 cells by 

electroporation. 2 days after electroporation, cells were seeded in a 6-well plate and then RHOA-

siRNA was added. After 2 days incubation, proteins were eluted and RHOA protein expression was 

detected by western blotting. (B) Each cell line was seeded in a low attachment plate and then treated 

with each siRNA for 7 days. The viable cells were measured by CellTiter-Glo 3D Cell Viability Assay. 

Data are shown as mean ± SD (n = 3). siRNA ID: s759 was used for RHOA-siRNA. Data are shown 

as mean ± SD (n = 3). 
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Figure 1-6: Expression analysis of RHO pathway related molecules 

Expression of RHOA, RHOB, and RHOC, and phosphorylation of MLC2 in SW948 treated with 1 

nM of RHOA-siRNA. Proteins were harvested on days 1, 2, and 3 after siRNA treatment. The protein 

expression levels were detected using western blotting. 
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Figure 1-7: Phosphorylation of LIMK1, LIMK2, CFL1, and MYPT1 in SW948 treated with 1 

nM of RHOA-siRNA 

Proteins were harvested on days 1, 2, and 3 after siRNA treatment. The protein expression levels were 

detected using western blotting. 
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Figure 1-8: Actin stress fiber formation in SW948 

Actin stress fiber of SW948 treated with 1 nM of RHOA-siRNA. Actin stress fibers were stained with 

Rhodamine Phalloidin, and DAPI was used for nuclear staining. Stained cells were analyzed with 

confocal fluorescence microscopy. Representative images of three independent chambers are shown. 

Details of immunocytochemistry are described in Materials and Methods. Scale bar shows 10 μm. 
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Figure 1-9: Effect of Y-27632 on cell survival on SW948 

SW948 was seeded in a low attachment plate and then treated with various concentrations of Y-27632 

for 7 days. The viable cells were measured by a CellTiter-Glo 3D Cell Viability Assay. Data are shown 

as mean ± SD (n = 3). 
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Figure 1-10: Restoration of cell survival by a ROCK inhibitor, Y-27632 

SW948 was cultivated for 7 days with 3 μM or 10 μM of Y-27632. The relative cell survival rate is 

shown as a percentage of that in the control-siRNA-treated SW948 that was not treated with Y-27632. 

Data are shown as mean ± SD (n = 3). Significance compared with the Y-27632 non-treated group 

between RHOA-siRNA-treated groups was determined by Student’s t-test. *p < 0.05. 
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Figure 1-11: Suppression of MLC2 phosphorylation by a ROCK inhibitor 

SW948 was seeded in a 6-well plate and then RHOA-siRNA or 10 μM of Y-27632 was added. Proteins 

were harvested on days 1, 2, and 3 after siRNA treatment. The protein expression levels were detected 

using western blotting. 

 

 

 

 

 

 

 



55 

 

 

Figure 1-12: Activation of ROCK signaling by RHOA knockdown in SW948 

(A) Restoration of cell survival by RHOB/RHOC-siRNAs. SW948 was cultivated for 7 days with 

RHOA-siRNA (1 μM) and/or RHOB-siRNA (1 μM) and/or RHOC-siRNA (0.2 μM). Cell survival rate 

of obtained transfectants was evaluated as described in Figure 1-5. Data are shown as mean ± SD (n 

= 3). Significant differences between RHO-siRNA-treated groups were determined by Student’s t-test. 

*p < 0.05. (B) Protein expression of cells tested in (A). 
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Figure 1-13: mRNA expression of each transfectant of CLDN18, GAP6, GAP26, CLG6, and 

CLG26 (A) and CLG26 with GAP domain AA mutations (B) in SW948 

Cells were seeded in a 6-well plate, and after 2 days incubation, mRNAs were eluted and quantitative 

RT-PCR was performed using each primer. Values obtained in quantitative RT-PCR were normalized 

with RPS18. 
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Figure 1-14: Cell survival promoted by CLG fusions in SW948 

(A) Domain structure of CLG fusions. (B) Restoration of cell survival by CLG fusions. Cell survival 

rate was evaluated as described in Figure 1-8C. (C) Structure of RHOA and GAP complex inferred 

from homology modeling of PDB: 1TX4. RHOA in green and GAP26 in silver are shown in stick 

form. Hydrogen bonds are shown by an orange dotted line. A close-up (right) of hydrogen bonds in 

the overall model (left) is shown. (D) Reduction in cell survival activity by GAP domain AA mutations. 

SW948 was transfected with K454A/R458E double-mutated CLG26. Cell survival rate of each 

obtained transfectant was evaluated as described above. The relative cell survival rate is shown as a 

percentage of that in the mock transfectants treated with control-siRNA. Data are shown as mean ± 

SD (n = 3). Statistical significance of the CLG26 group compared with RHOA-siRNA-treated groups 

was determined by Student’s t-test. *p < 0.05. 
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Figure 1-15: Expression analysis of MKN74 transfectants 

Cells were seeded in a 6-well plate and then RHOA-siRNA was added. Proteins were eluted on day 2, 

and RHOA protein expression was detected by western blotting.  
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Figure 1-16: Cell motility in MKN74 cells with RHOA mutations 

(A) Cell motility in an uncoated chamber and (C) in a Matrigel-coated chamber was measured 48 hrs 

after plating with MKN74 transfectants of RHOA mutations. The migrating cells were stained with 

calcein AM, and the fluorescence was measured by a plate reader. Data are shown as mean ± SD (n = 

3). (B) 48 hrs after cell seeding, fluorescence microscopy was used to detect calcein-incorporated 

migrating cells. Representative images of each transfectant (n = 3) are shown. Scale bar shows 1 mm. 

Statistical significance compared with the mock group was determined by Student’s t-test. *p < 0.05. 

Methods of calculating invasion activity are described in Materials and Methods. 
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Figure 1-17: mRNA expression of each transfectant of CLDN18, GAP6, GAP26, CLG6, and 

CLG26 (A, B) and CLG26 with GAP domain AA mutations (C) in MKN74 

Cells were seeded in a 6-well plate, and after 2 days incubation, mRNAs were eluted and quantitative 

RT-PCR was performed using each primer. Values obtained in quantitative RT-PCR were normalized 

with RPS18. 
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Figure 1-18: Cell motility in MKN74 cells with CLG fusions 

(A) Migration activity of MKN74 transfectants with CLG fusions, GAPs, and CLDN18. Cells were 

seeded in an uncoated chamber and migrated cells were stained with calcein AM. Data are shown as 

mean ± SD (n = 3). Statistical significance compared with the mock group was determined by 

Student’s t-test. *p < 0.05. (B) Reduction of cell migration by GAP domain AA mutations. MKN74 

was transfected with K454A/R458E double-mutated CLG26. Migration activity was evaluated as 

described above. (C) Actin stress fibers in MKN74 transfectants with RHOA mutations. Mock cells 

were treated with 10 μM of Y-27632. Actin stress fibers were stained with Rhodamine Phalloidin, and 

DAPI was used for nuclear staining. Stained cells were analyzed with confocal fluorescence 

microscopy. Representative images from three independent fields of view are shown. Scale bar shows 

50 μm. (D) MKN74 was seeded in a cell culture plate and then treated with various concentrations of 

Y-27632 for 4 days. The viable cells were measured by a CellTiter-Glo 3D Cell Viability Assay. Data 

are shown as mean ± SD (n = 3) (E) Migration activity promoted by a ROCK inhibitor in MKN74 

transfectants. Cells were seeded in an uncoated chamber and cultivated for 48 hrs with 3 μM or 10 μM 

of Y-27632. Migration activity was measured as described above. Data are shown as mean ± SD (n = 

3). Statistical significance compared with the non-treated group was determined by Student›s t-test. 

*p < 0.05. 
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Figure 1-19: Feedback upregulation of RHOB and RHOC proteins after RHOA knockdown 

Each cell line was seeded in a 6-well plate and then RHOA-siRNA was added. Proteins were harvested 

on day 2 after siRNA treatment. The protein expression levels were detected using western blotting. 

 

 

 

 

 



65 

 

 

Figure 1-20: Migration activity in MKN74 transfectants of G14V (dominant-active) and T19N 

(dominant-negative) 

Cells were seeded in an uncoated chamber and migrated cells after 48 hrs were stained with calcein 

AM. Data are shown as mean ± SD (n = 3). Statistical significance compared with the parent MKN74 

group was determined by Student′s t-test. * p < 0.05. 
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Chapter 2 

Difference in morphology and interactome profiles between orthotopic and subcutaneous 

gastric cancer xenograft models 
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Abstract 

 

In xenograft models, ORT engraftment is thought to provide a different tumor 

microenvironment compared with SC engraftment. We attempted to characterize the biological 

difference between OE19 (adenocarcinoma of the gastroesophageal junction) SC and ORT models by 

pathological analysis and CASTIN analysis, which is a novel method developed to analyze the tumor-

stroma interactome framework. In SC models, SCID mice were inoculated subcutaneously with OE19 

cells, and tumor tissues were sampled at 3 weeks. In ORT models, SCID mice were inoculated under 

the serosal membrane of the stomach wall, and tumor tissues were sampled at 3 and 6 weeks after 

engraftment. Results from the two models were then compared. Histopathologically, the SC tumors 

were well circumscribed from the adjacent tissue, with scant stroma and the formation of large ductal 

structures. In contrast, the ORT tumors were less circumscribed, with small ductal structures invading 

into abundant stroma. Then we compared the transcriptome profiles of human tumor cells with the 

mouse stromal cells of each model by species-specific RNA sequencing. With CASTIN analysis, we 

successfully identified several interactions that are known to affect the tumor microenvironment as 

being selectively enhanced in the ORT model. In conclusion, pathological analysis and CASTIN 

analysis revealed that ORT models of OE19 cells have a more invasive character and enhanced 

interaction with stromal cells compared with SC models. 
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Introduction  

 

Cancer xenograft models are widely used to study tumorigenesis or to examine response to 

therapy. Xenograft models are classified as SC or ORT, and researchers select models according to the 

objective of a study. SC models are often used to assess antitumor activity because of their high 

reproducibility and ease of monitoring cancer growth. On the other hand, ORT models are thought to 

reproduce some aspects of the cancer microenvironment and are thought to be more clinically relevant 

than SC models [91-95]. ORT models emulate a number of important biological features of cancer 

progression [96, 97], metastasis [98-100], and sensitivity to therapy [101-103]. These differences 

between models might be associated with a difference in the cancer microenvironment, but detailed 

mechanisms are still unclear. Therefore, the comparison between SC model and ORT model in both 

macroscopic and microscopic aspects is necessary.  

My collaborator Dr. Komura previously reported CASTIN (CAncer-STromal INteractome) 

analysis, a novel framework that evaluates the cancer-stromal interactome [104] and can be used to 

understand the relationship between a cancer and its microenvironment. As there is an approximately 

15% sequence difference between human and mouse exon sequences [105], a simultaneous 

transcriptome analysis of cancer and stroma can be achieved using RNA sequencing data from 

xenografts [106]. CASTIN summarizes the interactome status between cancer and stroma by 
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quantitatively evaluating the ligand-receptor expression and comprehensively visualizing that 

expression to identify critical cancer microenvironment interactions. In a previous report, CASTIN 

was applied to a data set from pancreas ductal adenocarcinoma, and that individual cancer was 

successfully characterized in terms of its cancer-stroma relationships [104]. In this study, I 

histopathologically compared SC models and ORT models of a cell line that originated from 

adenocarcinoma of the gastroesophageal junction, OE19. Then I applied CASTIN to investigate the 

difference in cancer-stroma interactions. 
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Materials and Methods  

 

Cell culture  

OE19 [107], a cell line of adenocarcinoma from the gastric cardia/esophageal gastric 

junction, was purchased from the ECACC (No. 96071721). The cells were maintained in RPMI 1640 

medium (Sigma-Aldrich) supplemented with heat-inactivated fetal bovine serum (FBS; Sigma-

Aldrich), 10 mM HEPES (Gibco; Thermo Fisher), 1 mM sodium pyruvate (Gibco; Thermo Fisher) 

and 2.5 g/l D-glucose (Sigma-Aldrich), and cultured at 37°C in a 5% CO2 incubator.  

 

Animals  

Six-week-old male C.B-17/lcr-scid/scid Jcl severe combined immune-deficient (SCID) 

mice were provided by CLEA Japan. All animals were housed in a specific pathogen-free environment 

under controlled conditions (temperature, 20°C–26°C; humidity, 30%–70%; light/dark cycle, 12/12 

hr) and were allowed to acclimatize and recover from shipping-related stress for more than 7 days 

prior to the study. Chlorinated water and irradiated food were provided ad libitum. The health of the 

mice was monitored by daily observation. All animal experiments were performed at Chugai 

Pharmaceutical Co., Ltd. The experiments were reviewed and approved by the Institutional Animal 

Care and Use Committee at Chugai Pharmaceutical Co., Ltd. 
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 Xenograft models  

For the SC implantation model, 1 × 105 cells were suspended in 200 µL of RPMI 1640 

medium containing 50% Matrigel (Corning) and injected subcutaneously into the right flank of mice. 

For the ORT implantation model, the mice were inoculated with 1 × 105 cells suspended in 20 µL of 

RPMI1640 medium containing 50% Matrigel. A surgical incision was made in the abdomen under 

isoflurane anesthesia, and the cells were inoculated under the serosal membrane of the ventral stomach 

wall. The tumors were sampled at 3 weeks after inoculation. For the ORT model, an additional time 

point was set at 6 weeks. For the SC model, no additional time points were set because there was 

notable necrosis in the center of the tumor after 4 weeks. At necropsy the animals were sacrificed 

under isoflurane inhalation anesthesia by exsanguination from the abdominal artery and grossly 

examined.  

  

Tumor tissue sampling  

ORT transplantation is not always successful, so it is necessary to select the cases that are 

appropriate for analysis. For the current study, 4 cases each were selected for both time points. Two 

cases were subjected to histopathology, and 2 cases were subjected to RNA analysis. For SC 

transplantation, 2 cases were used for histopathological examination, and 3 cases were used for RNA 

analysis.  
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Histopathological analysis  

The tumor tissues were fixed in 10% neutral buffered formalin for 24 hrs and embedded into 

paraffin by a routine method. The tissues were sectioned at a thickness of 3–4 µm, and each tissue was 

subjected to hematoxylin and eosin (HE) and Masson’s trichrome staining. The slides were examined 

under light microscopy.  

  

Transcriptome sequencing  

Tumors were embedded in O.C.T. compound (Sakura Finetek) and frozen in liquid nitrogen. 

Cryosections were prepared and suspended in TRIzol reagent (Thermo Fisher), and total RNA was 

extracted according to the manufacturer’s instructions. One microgram of total RNA was used to 

prepare a transcriptome sequencing library for each tumor sample using a TruSeq stranded mRNA 

Library Prep Kit (Illumina) according to the manufacturer’s directions. The libraries were sequenced 

in 100 bp paired-end reads on a HiSeq 2500 sequencer (Illumina). Four libraries were loaded into the 

single lane of an Illumina flow cell, producing more than 30 million paired-end reads for each sample. 

Sequenced reads were then mapped to all RefSeq transcripts of the human (hg38 coordinates) and 

mouse (mm10 coordinates) using Bowtie 1.1.2, allowing up to one mismatch, and reads mapped to 

both species or to multiple genes were discarded. The remaining reads were used to estimate the gene 

expression profile of human cancer cells and mouse stroma cells according to the methods in my 
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previous report [104]. 

  

Analysis of transcriptomic data  

For unsupervised hierarchical clustering analysis, a Euclidean distance calculation and 

Ward’s linkage were performed for the 500 most variable genes, defined by the coefficient of variation 

calculated across all samples using the Strand NGS software (ver. 2.6, Agilent Technologies). 

Differentially expressed genes (DEGs) between SC and ORT models were selected using an empirical 

criterion of more than 3-fold change. To gain an overview of gene pathway networks, KEGG (Kyoto 

Encyclopedia of Genes and Genomes) analysis was performed using an online KEGG automatic 

annotation server (https://david.ncifcrf.gov/summary.jsp). The KEGG pathways identified were 

ranked by p-value.  

  

CASTIN analysis  

Interactome profiles were visualized by a modified version of the original CASTIN [97]. In 

the modified version, cancer ligand dependency X and stromal receptor dependency Y for each 

interaction were calculated as follows:  

𝑋 =𝐿𝐶/(𝐿𝐶+𝐿𝑆) 

𝑌 =𝑅𝑆/(𝑅𝐶+𝑅𝑆) 
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where 𝐿𝐶, 𝐿𝑆, 𝑅𝐶, and 𝑅𝑆 are normalized gene expression levels of ligand gene of human (cancer), 

ligand gene of mouse (stroma), receptor gene of human (cancer), and receptor gene of mouse (stroma), 

respectively.  

The signal strength of ligand H and receptor V were calculated as follows:  

𝐻 = ln( max 𝑘∈{𝐶,𝑆}𝐿𝑘), 

𝑉 = ln( max 𝑘∈{𝐶,𝑆}𝑅𝑘). 

These four interactome evaluation indices (X, Y, H, V) were visualized for each interaction as a 

rhombus in the 2D-plane at position (X, Y), and the horizontal and vertical diagonal lengths were 

proportional to H and V, respectively. Then each interaction falls into one of the following four zones. 

1) C-S zone (X ≥ 0.5 and Y ≥ 0.5): interactions in this zone indicate that input signals are dominantly 

created by cancer and exclusively transmitted to stroma. Signal transduction takes place only when 

both cancer and stromal cells exist, and thus I call it a “mutually dependent interaction.” 2) S-C zone 

(X < 0.5 and Y < 0.5): interactions in this zone also indicate mutually dependent interactions, but the 

direction of signal transduction is opposite (stroma to cancer). 3) C-C zone (X ≥ 0.5 and Y < 0.5): 

input signals are created by cancer and transmitted mainly to cancer itself. Thus interactions in this 

zone indicate cancer autoregulation. 4) S-S zone (X < 0.5 and Y ≥ 0.5): a counterpart to the C-C zone. 

Interactions in this zone indicate microenvironment autoregulation 
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Results and Discussion  

 

Necropsy was performed in the SC and ORT models of OE19. In SC models, tumor 

formation was confirmed in all animals. In ORT models at 3 weeks, tumor formation at the inoculation 

site in the stomach was observed (Table 2-1). At 6 weeks, in addition to the changes at the inoculation 

site, there was infiltration of the tumors into other areas of the stomach and also metastasis in the 

pancreaticoduodenal lymph nodes, which shows that the area of tumor growth had expanded compared 

with that at 3 weeks (Table 2-1).  

Next the area of inoculation was examined histopathologically in SC models at 3 weeks and 

ORT models at 3 and 6 weeks. With SC models, the SC mass was relatively well circumscribed from 

the surrounding tissue, and tumor growth was mainly expansive. The tumor cells formed large ductal 

structures with scant stroma (Figure 2-1A). The ductal wall was relatively thick, and the tumor cells 

were often multilayered (Figure 2-1B). With the ORT models, there was also tumor formation in the 

inoculation area, but the tumor cells formed smaller ducts that invaded into abundant stroma, and the 

growth was mainly invasive (Figure 2-1A). The ductal wall consisted of a single layer of tumor cells 

(Figure 2-1B). At 6 weeks in the ORT model, the monolayered small ducts were more densely packed, 

with less stroma than at 3 weeks (Figure 2-1A, B). Vascular invasion was noted in the surrounding 

tissues (Figure 2-2). Thus, there was a striking difference in growth patterns and the amount of stromal 
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tissues between the 2 models. In clinical DGC, small clustered tumor cells are scattering into stromal 

tissues, so the histopathological features of ORT model were similar to clinical DGC than that of SC 

model. Notably, the invasive growth in the ORT model was thought to show that there was active 

interaction between the tumor and stromal cells, so the OE19 ORT model was thought to be suitable 

for analysis of cancer-stroma interactions. There is little information concerning the difference in the 

amount of stroma between SC and ORT models, but I speculate that this finding is at least common 

among some tumors, because similar results have been described in a xenograft model of pancreatic 

cancer [108]. Additional studies are considered necessary to further elucidate this matter.   

In order to analyze the interactions between cancer cells and their microenvironment, I 

performed RNA sequencing of each xenograft model and simultaneously obtained OE19 (human) and 

stroma (mouse) transcriptome data (Figure 2-3A). Before CASTIN analysis, I compared the gene 

expression profiles of OE19 cells between SC models and ORT models. Unsupervised hierarchical 

clustering showed that the expression profiles of SC-SC and ORT-ORT samples were consistent and 

clustered together into distinct groups (Figure 2-3B). The difference in expression pattern between SC 

and ORT models at 3 weeks is represented in the scatter plot in Figure 2-3C, for which DEGs were 

chosen using an empirical criterion of more than 3-fold change. Seventy-seven genes were highly 

expressed in SC models, and 168 genes were highly expressed in ORT models. To identify activated 

pathways in each model, DEGs were subjected to KEGG pathway enrichment analysis. The significant 



77 

 

pathways with the highest representation are shown in Table 2-2. In the SC models, I could not find 

significantly enhanced pathways, but in the ORT models, I found that several signaling pathways 

including MAPK signaling, focal adhesion, and ECM-receptor interaction were enhanced. These data 

confirm that the OE19 status in SC and ORT models is different not only in the pathological analysis 

described above but also at the transcriptome level. It was reported that ECM related components are 

unregulated in DGC compared with IGC [109]. Therefore, ORT model showed the features of clinical 

DGC, but further analysis for the downstream signaling and other pathways would be needed. 

To understand the difference in cancer-stroma interaction between SC and ORT models, I 

applied CASTIN to the data set of each model. Interactome profiles of SC and ORT models at 3 weeks 

were visualized in Figure 3-3D. Each data point on the plot represents an individual interaction, and 

the positions indicate the role of the interaction in cancer-stroma relationships. Interactions that direct 

a cancer ligand to a stromal receptor were plotted in the upper right zone (C-S zone), and those that 

direct a stromal ligand to a cancer receptor were plotted in the bottom left zone (S-C zone). Many 

interactions were plotted in the C-S zone and S-C zone for both SC and ORT models. To focus on 

interactions that were selectively enhanced in each model, I chose ligands or receptors that were 

included in the DEGs designated by the OE19 expression profiles (shown in dark colors in the 

CASTIN plots). In the SC model, 10 ligands or receptors included in the DEGs of the OE19 expression 

profiles were chosen, but none of their interactions were plotted in the C-S zone or S-C zone. On the 
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other hand, in the ORT model, 44 ligands or receptors included in the DEGs of the OE19 expression 

profiles were chosen, and the interactions GAST-CCKBR, EDN1-EDNRB, CXCL3-CXCR2, CYR61-

ITGB3, and DKK1-LRP6 were plotted in the C-S zone, so these interactions were thought to affect 

connections from cancer to stromal cells. The interaction TNFSF12-TNFRSF12A was plotted in the 

S-C zone and was therefore thought to affect connections from stromal to cancer cells. The 

ligand/receptor expression of OE19 cells in each model are compared in Figure 3-3E. Interestingly, 

most interactions detected in this study were well known to affect tumor migration or the 

microenvironment [108-116]. GAST is one of the specific interactions in ORT model, but it was 

reported that GAST was key regulator for the transformation of gastric enterochromaffin-like cells 

into DGC [117, 118]. These results indicate that CASTIN analysis could successfully identify several 

cancer-stroma interactions that may affect invasive growth of OE19 cells observed in the ORT model, 

and partial features of clinical DGC. 

CASTIN provides a comprehensive view of cancer-stromal interactions and is useful to 

identify critical interactions in xenograft models. In this system, the expression profiles of stromal 

cells are obtained from whole mouse cells surrounding the xenograft tumors. Because the composition 

of mouse cells varied greatly between SC and ORT models in this study, it was difficult to choose 

interactions that affect the tumor microenvironment. By focusing on DEGs, I successfully identified 

several interactions that were selectively enhanced in ORT models. Even so, the accuracy of CASTIN 
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analysis would be maximized by combining transcriptional information of cancer and stromal cells, 

so now I plan to use CASTIN to analyze against gene-modified cells (overexpression or knockdown) 

that have been inoculated at the same site to understand the molecular function of genes in a 

heterogeneous cancer microenvironment.  
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Tables and Figures 

Table 2-1: Extent of nodule formation and infiltration of tumor 

 

There were 4 animals for each timepoint. Numbers indicate the number of animals with findings. 

* Other areas include the small curvature and dorsal side of the stomach. 
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Table 2-2: Upregulated pathways in the ORT model 

 

KEGG, Kyoto Encyclopedia of Genes and Genomes 
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Figure 2-1: Morphological comparison of SC and ORT inoculation of OE19 

(A) The images in HE low magnitude showed the whole tumor sections. The black square regions in 

HE low magnitude were used for HE and Masson’s trichrome staining. At low magnitude, bar = 4000 

µm; in others, bar = 500 µm. (B) Analyzed area were shown in middle figures in A. Bar = 100 µm. 
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Figure 2-2: Vascular invasion of OE19 cells 

The typical vascular invasion area in ORT model. B is the high magnitude image and analyzed area 

were shown in A as black square. HE stain. Bar = (A) 500 µm, (B) 200 µm 
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Figure 2-3: Interactome profiling of SC and ORT models 

(A) Schematic workflow to estimate species-specific RNA expression profiles. (B) Hierarchical 

clustering of the differentially expressed genes across all samples. (C) Differentially expressed genes 

in SC and ORT at 3 weeks are plotted in a scatter plot. The values of the X and Y axes are the averaged 

normalized values in each group. Red dots indicate highly expressed genes with a fold change > 3 in 

the ORT model. Blue dots indicate highly expressed genes with a fold change > 3 in the SC model. 

(D) Interactome profiles of SC and ORT models at 3 weeks. Each data point represents an individual 

interaction. The size of the plot indicates the level of ligand or receptor expression. Interactions that 

connect a cancer ligand to a stromal receptor are plotted in the C-S zone (shown in red), while those 

that connect a stromal ligand to a cancer receptor are plotted in the S-C zone (shown in blue). (E) A 

comparison of the ligand/receptor expression of OE19. The corresponding interactions in each plot 

are shown in the same color. 
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Chapter 3 

In vivo effects of mutant RHOA on tumor formation in an orthotopic inoculation model 
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Abstract 

 

RHOA mutations are driver genes in DGCs, and I previously revealed that RHOA mutations 

contribute to cancer cell survival and cell migration through their dominant negative effect on ROCK 

signaling in vitro. However, how RHOA mutations contribute to DGC development in vivo is poorly 

understood. In the present study, the contribution of RHOA mutations to tumor morphology was 

investigated using an orthotopic xenograft model using the gastric cancer cell line MKN74, in which 

WT or mutated (Y42C and Y42S) RHOA had been introduced. When I conducted RNA sequencing to 

distinguish between the genes expressed in human tumor tissues from those in mouse stroma, the 

expression profiles of the tumors were clearly divided into a Y42C/Y42S group and a mock/WT group. 

Through gene set enrichment analysis, it was revealed that inflammation‑ and hypoxia‑related 

pathways were enriched in the mock/WT tumors; however, cell metabolism- and cell cycle-related 

pathways such as Myc, E2F, oxidative phosphorylation and G2/M checkpoint were enriched in the 

Y42C/Y42S tumors. In addition, the gene set related to ROCK signaling inhibition was enriched in 

the RHOA-mutated group, which indicated that a series of events are related to ROCK inhibition 

induced by RHOA mutations. Histopathological analysis revealed that small tumor nests were more 

frequent in RHOA mutants than in the mock or WT group. In addition, increased blood vessel 

formation and infiltration of macrophages within the tumor mass were observed in the RHOA mutants. 
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Furthermore, unlike mock/WT, the RHOA-mutated tumor cells had little antitumor host reaction in the 

invasive front, which is similar to the pattern of mucosal invasion in clinical RHOA-mutated DGC. 

These transcriptome and pathological analyses revealed that mutated RHOA functionally contributes 

to the acquisition of DGC features, which will accelerate our understanding of the contribution of 

RHOA mutations in DGC biology and the development of further therapeutic strategies. 
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Introduction 

 

DGCs, which are characterized by poorly differentiated adenocarcinoma that lack cell-cell 

adhesion and infiltrate into the stroma as single or clustered cells without glandular architecture [72, 

119], show worse prognosis than the intestinal type [37, 72]. A characteristic genetic alteration of DGC 

is the RHOA missense mutation that is reported in 14-25% of DGC patients [43-45].  

A previous report, which evaluated the clinicopathological features of 87 DGC patients by 

comparing the morphological features of RHOA-mutated and wild-type tumors, revealed a distinct 

permeative intramucosal growth pattern in the mutated tumors [120]. RHOA has various biological 

functions, such as actin stress fiber formation and cytokinesis [56, 57]. Recently, I revealed that RHOA 

mutations contribute to cancer cell survival and cell migration through their dominant negative effect 

on the ROCK pathway [121], but little is understood of how these functions are related to the 

clinicopathological features of DGC.  

Thus, the present study was designed to evaluate the relationship between the features of 

DGC and RHOA mutations in vivo. To this end, I first considered which model was most suited for 

the evaluation of the DGC features. ORT inoculation is reported to be more likely to reproduce the 

histopathology of clinical tumors compared to a subcutaneous model [91, 95, 122]. My previous study 

using a RHOA-mutated cancer cell line supported these reports by revealing that, compared with 



91 

 

subcutaneous models, ORT models exhibited abundant stroma and an invasive character [123]. This 

information prompted me to study the effects of RHOA mutations in vivo by inoculating the tumor 

cells into the stomachs of SCID mice.  

To understand the molecular mechanism of the effects of RHOA mutations, the tumor 

microenvironment must be analyzed, as both cancer and stromal cells play key roles in forming the 

tumor microenvironment [124]. Therefore, I decided to carry out a transcriptome analysis using next 

generation sequencing technology, which makes it possible to distinguish human (tumor cells) and 

mouse (stromal cells) sequences [104-106, 123]. Thus, in the present study the effects of mutant RHOA 

were evaluated by combining transcriptome analysis of the tumor and stromal components and 

pathological analysis using an ORT xenograft model. 
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Materials and Methods 

 

Cell lines 

The human gastric cancer cell line MKN74 [125] was purchased from the cell bank of the 

Japanese Collection of Research Bioresources (National Institutes of Biomedical Innovation, Health 

and Nutrition). It was cultured using RPMI-1640 medium (Sigma-Aldrich) supplemented with 10% 

heat-inactivated fetal bovine serum (FBS; Sigma-Aldrich), 10 mM HEPES (Gibco; Thermo Fisher), 1 

mM sodium pyruvate (Gibco; Thermo Fisher) and 2.5 g/l D-glucose (Sigma-Aldrich). The cells were 

maintained in a humidified incubator at 37˚C with 5% CO2. 

 

Generation of MKN74 cell lines expressing RHOA mutations 

The methods to establish MKN74 cell lines expressing RHOA mutations were previously 

described [121]. In brief, the coding sequences for the RHOA mutation (NCBI RefSeq Sequence: 

NM_001664.3) were inserted into the pLVSIN-CMV vector (Takara). The mixture of expression 

vector and ViraPower Lentiviral Packaging Mix (Thermo Fisher) was introduced into Lenti‑X 293T 

cells (Takara) using FuGENE HD Transfection Reagent (Promega). After 48 h, the culture medium 

was harvested and virus particles were concentrated with Lenti‑X Concentrator (Takara). Prepared 

lentivirus was transfected into each cell line with hexadimethrine bromide (final 8 µg/ml; Sigma-
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Aldrich). Hygromycin (Thermo Fisher) was added to establish stable transfectants at a final 

concentration of 25 µg/ml for MKN74. The RHOA cDNA introduced to the MKN74 cells have 

mutations that cause resistance to RHOA-siRNA.  

 

Cell growth assays 

Cells (1.0x103/100 µl/well) were seeded in 96-well cell culture plates (TPP; Sigma-Aldrich) 

in triplicate. The viable cells were measured 1 day, 4 and 7 days after cell seeding using the CellTiter-

Glo 3D Cell Viability Assay, according to the manufacturer's protocol (Promega). The luminescence 

was measured using a plate reader (PerkinElmer). 

 

Animals 

 Seven-week-old male severe combined immune- deficient (SCID) mice (C.B-17/lcr-

scid/scid Jcl) were provided by CLEA Japan. All animals were housed in a specific pathogen-free 

environment under controlled conditions (temperature, 20‑26˚C; humidity, 30‑70%; light/dark cycle, 

12/12 h) and were allowed to acclimatize and recover from shipping-related stress for more than 5 

days prior to the study. Chlorinated water and irradiated food were provided ad libitum. The health of 

the mice was monitored by daily observation. The humane endpoints were deterioration of general 

conditions and sacrifice in the event of a body weight loss exceeding 20%. All animal experiments 
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were performed at Chugai Pharmaceutical Co., Ltd. The experiments were reviewed and approved by 

the Chugai Pharmaceutical Co., Ltd., Institutional Animal Care and Use Committee. 

 

Orthotopic inoculation and tissue sampling 

 The mice were inoculated with 3x104 cells, suspended in 20 µl of RPMI-1640 medium 

containing 50% Matrigel (Corning). Transplantation was carried out using a method based on previous 

studies [123, 126, 127]. Briefly, the animals were anesthetized under 2.5% isoflurane inhalation 

anesthesia. Then a surgical incision was made in the medial abdomen and the stomach was exposed. 

Next 20 µl of cells suspended in 50% Matrigel were inoculated into the serosa of the ventral stomach. 

Finally, the stomach was returned to the original position, and the incision was closed. Inoculation was 

defined as successful when cells had been injected into the intended area with no major leakage outside 

of the stomach wall. For the WT and mutant groups, the procedure was performed until there were 5 

mice for each group. With the mock group, 8 mice were included as controls. The total number of 

mice used in the study was 42 (Mock, 8; WT, 10; Y42C, 12; Y42S, 12), and the success rate for the 

inoculation procedure was 55% (23/42 mice: Mock, 8/8; WT, 5/10, Y42C, 5/12; Y42S, 5/12). The 

average body weight of each group was Mock, 25.9±0.5 g; WT, 25.0±1.1 g; Y42C, 26.2±1.0 g; Y42S, 

24.8±1.4 g. The largest diameter of the tumors measured from the serosal side of the stomach was 1.0 

cm. There was no difference in diameter between groups. The tumors were observed as single nodules 
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with no multiple tumors. The tumors were sampled at 4 weeks after inoculation. At necropsy the 

animals were sacrificed under isoflurane inhalation anesthesia by exsanguination from the abdominal 

artery and grossly examined.  

 

RNA preparation and transcriptome sequencing 

The tumor tissues were collected in Biomasher III (Fujifilm Wako Pure Chemical). I added 

TRIzol reagent (Thermo Fisher) into the tube and mashed the tissues with a pestle. The tissue lysate 

was obtained after centrifugation (12,000 x g for 2 min). Total RNA was extracted using the RNeasy 

mini kit (Qiagen). Total RNA (1.7-2.0 µg) was used to prepare a transcriptome sequencing library for 

each tumor sample using TruSeq stranded mRNA Library Prep kit (Illumina) following the 

manufacturer's directions. The libraries were sequenced in 100 bp paired-end reads on a HiSeq2500 

sequencer (Illumina). Six libraries were loaded into the single lane of an Illumina flow cell, producing 

more than 50 million paired‑end reads for each sample. Sequenced reads were mapped to all RefSeq 

transcripts of human (hg38 coordinates) and mouse (mm 10 coordinates) using bowtie 1.1.2 [128] 

allowing up to one mismatch, and reads mapped to both species or to multiple genes were discarded. 

The remaining reads were used to estimate the gene expression profile of human cancer cells and 

mouse stroma cells according to the methods as previously described [104].  
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Unsupervised clustering of gene expression profiles 

After gene-wise Z-score transformation, hierarchical clustering was performed using a 

Euclidean distance metric on the expression of the highly and variably expressed genes across all 

samples (mean normalized expression >3.0 and coefficient of variation >30%) using the 

ComplexHeatmap Bioconductor package [129]. 

 

Differential expression analysis 

The DESeq2 R package [130] was used for cancer cells and stromal cells independently to 

detect genes that were expressed differentially between the two conditions. Raw count detected by 

CASTIN algorithm was used as the input for the DESeq2 software. Adjusted p-values were used to 

detect differentially expressed genes and log2 fold change shrinkage was used to rank genes for Gene 

Set Enrichment Analysis (GSEA). 

 

GSEA analysis 

GSEA [131, 132] was used to identify gene sets that were altered between two conditions. 

After sorting the genes based on the log2 fold change, I applied a pre-ranked GSEA with the javaGSEA 

desktop application (http://software. broadinstitute.org/gsea/downloads.jsp). As gene sets, I used 

hallmark gene sets in The Molecular Signature Database or genes significantly upregulated or 
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downregulated in the presence of a ROCK inhibitor (Y-27632) in human keratinocytes (Table 3-3A 

and B) [133]. 

 

Pathological sample preparation 

The tumor tissues were sampled and fixed in 4% paraformaldehyde at 4˚C for 24 h and 

embedded into paraffin using the AMeX method [134, 135]. Thin sections were prepared at a thickness 

of 3-4 µm, and HE stains and Sirius red stains were performed by routine methods for 

histopathological evaluation. Additional slides were used for immunohistochemistry for CD31 and 

F4/80. The primary antibodies were rabbit polyclonal antibody to CD31 (1:100 dilution; cat. no. 

ab28364; Abcam), and rat monoclonal antibody to mouse macrophage F4/80 antigen (1:100 dilution; 

clone BM8; BMA Biomedicals). Briefly, after deparaffinization, the slides were treated for antigen 

retrieval by autoclave heating at 120˚C for 10 min for CD31, and proteinase K (Dako; Agilent 

Technologies) for F4/80. Then endogenous peroxidase was quenched with 1% H2O2 in methanol, 

followed by blocking with skim milk (Thermo Fisher). The primary antibodies were incubated with 

the slides at 4˚C overnight. Finally, the secondary antibodies (LSAB2, Agilent Technologies, or 

N‑Histofine® simple stain mouse Rat MAX‑PO; Nichirei Biosciences) were applied and the reactions 

were visualized by 3,3'-diaminobenzidine. The slides were counterstained with hematoxylin and 

coverslipped for reading under a light microscope. 
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Histological evaluation 

The slides were read and reviewed by 2 certified pathologists, and the scoring criteria were 

determined by discussion between the pathologists. Furthermore, scoring was carried out based on this 

criteria by the following methods. The ratio of the area of small nests to total tumor area was evaluated 

by image analysis on virtual slides scanned using the Leica Aperio ScanScope AT2 (Leica Biosystems) 

and analyzed with the Aperio Image Scope software (version 12.3.2.7001; Leica Biosystems). To score 

CD31, the density of positive vascular structures per site at x20 magnification was evaluated by the 

following criteria: 0, not observed; 1, >0-6 per site; 2, >6-9 per site; 3, 10 or more. For F4/80, the 

density of positive cells within the tumor mass was evaluated according to the following criteria: 0, 

not observed; 1, scattered; 2, diffuse; 3, focally dense. Additionally, the histopathological findings in 

the invasive front of the tumor mass were scored. Each main finding (fibrosis, inflammatory cell 

infiltration, necrosis of tumor cells) was graded according to the following criteria: 0, not observed; 1, 

occasionally observed; 2, moderately observed; 3, frequently observed. Then the sum of the 3 findings 

for each animal was calculated and designated as the histology score. 

 

Statistical analysis 

The statistical analysis was performed using the JMP statistical software program (version 

11; SAS Institute). Analysis for the ratio of small nest area was conducted by one-way analysis of 
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variance (ANOVA) followed by a Dunnett's multiple comparison post hoc test. The comparisons of 

the histologic scores were assessed with non-parametric Steel's test. p <0.05 was considered to indicate 

a statistically significant difference. 
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Results 

 

RHOA mutants were found to be enriched in distinctly differential pathways when compared to 

mock/WT and showed inhibition of ROCK signaling in vivo 

To determine the effects of RHOA mutations in vivo, I introduced WT, Y42C, and Y42S 

RHOA into the MKN74 gastric cancer cell line, which originally has WT-RHOA. I confirmed the 

expression of exogenous RHOA by western blot analysis after RHOA-siRNA treatment to eliminate 

endogenous RHOA which was hindering detection of the transgenes [121]. These cells showed 

comparable cell growth in vitro (Figure 3-1). As for other in vitro profiles, I reported the cell motility 

and actin stress fiber formation in my previous study [121] and the features are summarized in Table 

3-1. I inoculated these cell lines into gastric wall (Figure 3-2A). Histopathologically, the tumors were 

engrafted as an extension from the submucosa to the muscular layer (Figure 3-2B). The tumors 

subjected to histopathology and transcriptome sequencing are listed in Table 3-2. To evaluate the 

expression profile of cells that had been inoculated into the mouse stomach, the RNA of each tumor 

tissue was eluted and sequenced to obtain tumor (human) and host (mouse) transcriptome data 

simultaneously. Gene expression values were normalized for cancer cells and stromal cells 

independently so that the sum of the expression values below the 95th percentile would be 300,000. 

Samples with human (cancer) reads <5% or >95% were removed for subsequent analysis (Table 3-2). 
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Unsupervised hierarchical clustering for human expression data showed that it was clearly divided 

into two groups: The Y42C/Y42S group and the mock/WT group (Figure 3-3A). I also performed 

unsupervised hierarchical clustering for mouse expression data, but as the groups were allocated to 

various clusters, differences in expression profiles between groups could not be identified (Figure 3-

3B). Additionally, the level of expressional change in stroma (mouse) was much lower than that in the 

tumor (human) (Figure 3-3C). Next I compared the expression of endothelial (Cd31), macrophage 

(Adgre1, Cd68, Itgax, Mrc1), and fibroblast (Col1A1, Thy1, Acta2, S100a4) markers, but there was no 

difference between the groups (data not shown). From this expression profile, I judged that further 

analysis should be focused on the expression profile of tumor cells.  

To understand the state of tumor cells in mutant and non-mutant groups, I performed GSEA 

[131, 132]. Pathways related to hypoxia and inflammation such as interferon α/γ, TNFα, IL6-JAK-

STAT3 signaling, and to inflammatory response were enriched in the mock/WT group (Figure 3-4A 

and 3-5A). On the other hand, Myc, E2F, oxidative phosphorylation, and G2/M checkpoint pathways, 

which are related to cell cycle or cell metabolism, were enriched in the Y42C/Y42S group (Figure 3-

4A and 3-5B). In addition, I confirmed the ROCK signaling status in the tumor cells. To evaluate the 

activation status of ROCK signaling, I performed a GSEA analysis with a ROCK inhibitor-related 

gene set, which was selected from published data (Table 3-3A and B) [133]. As a result, genes 

downregulated after ROCK inhibitor treatment were significantly enriched in the mock/WT group, 
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whereas the upregulated genes were enriched in the Y42C/Y42S group (Figure 3-4B and 3-6). These 

results indicated that ROCK signaling was inhibited in RHOA mutants in vivo as well as in vitro. 

 

Mutated RHOA contributes to a pattern of small tumor nest growth, and to changes in stromal 

cells 

In the orthotopic model, the size of the tumor cannot be compared accurately because the 

size is affected by the area of inoculation. Because of this, I compared the expression of Ki-67, but 

there was no difference between the WT group and mutant groups. Thus, I conducted a detailed 

histopathological analysis and compared the morphological features of the tumor with the RNA 

expression profiles. Morphologically, mock and WT tumors consisted mainly of large tumor nests, 

but in contrast, the mutant tumors consisted mainly of small tumor nests that were circumscribed by 

fine collagen fibers (Figure 3-7A and B). This was further confirmed by morphometric analysis of the 

area for each type of tumor nest. The ratio of small tumor nest to total tumor nest area in Y42C and 

Y42S was significantly higher than in mock or WT (Figure 3-7C). The average ratio of small tumor 

nests was 0.09 in mock, 0.17 in WT, 0.46 in Y42C, and 0.46 in Y42S. Thus I found that the mutant 

tumors had a distinctly different growth pattern compared to the mock or WT tumors.  

I speculated that the difference in the amount of small tumor nests was related to a difference 

in tumor-stromal interaction, and because the hypoxia signature was enriched in mock/WT but not in 
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RHOA mutants, I focused on tumor angiogenesis.  

In order to determine the involvement of angiogenesis, I evaluated the number of CD31-

positive blood vessels by immunohistochemical analysis (Figure 3-8A) and found that there were 

higher numbers in Y42C and Y42S than that in the mock and WT. The average scores for the number 

of blood vessels per site were 1.8 in Y42C, 2.6 in Y42S, 0.8 in mock, and 1.0 in WT. Tumor 

angiogenesis is reported to be induced by tumor associated macrophages [136, 137], thus next I 

evaluated macrophage (Mφ) infiltration into tumors by immunohistochemical analysis of F4/80 

(Figure 3-8B). I found that in the mock and WT tumors, the positive cells tended to be located around 

the tumor mass, but in mutant tumors, the macrophages tended to diffusely infiltrate the tumor mass. 

This was further confirmed by scoring of the positive cells infiltrating into the tumor mass. The 

average scores of macrophage infiltration into the tumor mass were 2.4 in Y42C and 2.6 in Y42S, 

which were higher than those in the mock (0.4) and WT (1.0) tumors. These results indicated that 

RHOA mutations contributed to tumor angiogenesis and the infiltration of macrophages. 

 

Reduced host reaction in the invasive front of RHOA mutant tumors  

Next I focused on the invasive front of the tumor mass (Figure 3-9A). In the invasive front 

of the mock and WT tumors, there was a desmoplastic reaction or fibrosis accompanied by 

inflammatory cell infiltration. Along with these findings, necrosis of tumor cells was increased. In 
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contrast, the host reaction was notably weaker in the mutant tumors. To further clarify the difference 

in host reaction, the findings were scored and statistically analyzed. I found that the total histology 

scores in the Y42C and Y42S tumors were significantly lower than scores in the mock/WT tumors 

(Figure 3-9B). The average total histology score (see Histological evaluation in Materials and 

Methods) of each group was 3.4 in Y42C, 3.4 in Y42S, 7.2 in mock, and 7.8 in WT. These results 

indicate that RHOA‑mutant cancer cells have the ability to invade the surrounding tissue without 

causing a strong antitumor reaction. 
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Discussion 

 

In the present study, I revealed the transcriptome and histological changes that occurred 

when RHOA mutations were introduced into MKN74 cells. Tumors in the RHOA mutant groups were 

composed mainly of small tumor nests compared to those in the non-mutant groups. A distinct feature 

of clinical DGC is that tumor cells exist within the stroma as single cells or small cell clusters. My 

current results suggest that RHOA mutations at least in part contribute to this poorly cohesive growth 

pattern, although as non-mutated clinical DGC also exhibits this feature, there may be other factors 

involved.  

Another notable morphological finding in the present study was that, in contrast to mock 

and WT tumors, RHOA-mutated tumors had little host reaction in the invasive front of the tumor. I 

previously reported that in clinical DGC, RHOA-mutated tumors showed an intramucosal permeative 

growth pattern in the mucosa, which is characterized by infiltration of tumor nests between the normal 

pits or glands with no recognizable margin, indicating that there is little stromal reaction against the 

tumor. This contrasted with the expansive pattern of destructive invasion and a relatively well‑defined 

margin seen in non-mutated tumors [120]. The lack of host reaction in the RHOA-mutant tumors of 

the present study was thought to reflect the distinctive growth pattern found in the mucosa of clinical 

RHOA-mutated DGC. Together with the effects on the size of the tumor nests, my results suggest that 
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RHOA mutations are likely to have a direct role in the development of the morphology that is 

distinctive of clinical DGC.  

Since the hypoxic signature in mock/WT tumors was more enriched than that noted in the 

mutant tumors, I considered the involvement of angiogenesis and found that the RHOA mutants had 

higher levels of blood vessel formation and infiltration of macrophages into the tumor mass. 

Angiogenesis is closely related to infiltration of macrophages [138-140]. Additionally, Yin et al 

reported that a high density of macrophages was correlated with DGC [141]. Therefore, these results 

suggest that RHOA mutants affect tumor angiogenesis induced by macrophages in the tumor mass, 

and that the tumor microenvironment may be closely related to the growth pattern of DGC. 

Macrophages were infiltrated in mutated-RHOA group, but inflammation related pathways were not 

enriched. The character of macrophages is quite diverse and M1-type macrophage are involved in 

inflammation process, but M2-type are engaged in tissue repair [142-144]. Therefore, detailed 

characterization of macrophages or other immune cells would deepen our understanding in DGC 

biology. 

In my previous in vitro study, I found that mutant RHOA inhibited ROCK signaling in a 

dominant negative manner, which caused the actin cytoskeleton to become loose and led to a change 

in cell-cell interactions [121]. Such changes may be related to the growth pattern of small nests in vivo. 

ROCK inhibition is also known to be related to anoikis resistance [87], which may have a role in the 
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maintenance of the small nest pattern. The lack of strong host reaction in the RHOA-mutated tumors 

may also be related to these mechanisms; however, since much is still unknown, further studies are 

necessary to elucidate the molecular mechanism of the features in vivo. 

The dramatic histopathological difference in host reaction between RHOA mutants and 

mock/WT suggests that RHOA mutations affect cells such as fibroblasts, endothelial cells, and immune 

cells in mouse stroma. However, the level of expressional change in the stroma was much lower than 

that in the tumor (Figure 3-3C), and the mouse expression profiles did not reveal any difference 

between RHOA mutants and mock/WT tumors. This discrepancy between the histopathology results 

and the RNA expression profile may have occurred because I evaluated the expression in the whole 

tumor tissue. As there are several cell components in the tissue surrounding the tumor mass, local 

changes such as those at the invasion front were thought to be difficult to discriminate. To overcome 

this issue, the expression profile at the single cell level instead of in bulk is necessary. Since several 

reports show detailed cross-talk between tumor and components of the tumor microenvironment [145-

147], I anticipate that single cell RNA sequencing will more precisely reveal the interaction between 

the tumor and its microenvironment and the molecular mechanisms involved.  

In summary, my results from an orthotopic model in the stomach have provided the first 

direct evidence concerning the effects of mutated RHOA in vivo. Since the features of this xenograft 

model allow insights into the biology in human clinical cancer, these results will accelerate the 
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understanding of how RHOA mutations contribute to the disease biology of DGC and may promote 

the development of future therapeutic strategies. 
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Tables and Figures 

Table 3-1: In vitro phenotypes of the MKN74 cells used for engraftment. 

 

aMigration and invasion activity were evaluated with Boyden Chamber assay. bActin stress fiber 

formation was evaluated with rhodamine phalloidin staining as previously described [121]. n.s., no 

significant difference 
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Table 3-2: The tumors subjected to histopathology and transcriptome sequencing 
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Table SII. Downregulated and upregulated genes after ROCK 

inhibitor treatment. 

SIIA, Downregulated genes 

# Gene name 

1 A2ML1 

2 A4GALT 

3 AAK1 

4 ABCA12 

5 ACAP2 

6 ACOT11 

7 ACPP 

8 ACSL1 

9 AGRN 

10 AHR 

11 AKTIP 

12 ALDH1A3 

13 ANKRD22 

14 ANKRD22 

15 ANKRD35 

16 AQP9 

17 ARHGEF37 

18 ARL5A 

19 ASPRV1 

20 ASS1 

21 ATMIN 

22 ATP12A 

23 ATP6V0A1 

24 ATXN1 

25 BPIL2 

26 BSPRY 

27 BTG1 

28 BZW1 

29 C10orf116 

30 C10orf54 

31 C15orf52 

32 C5orf46 

Table SII. Downregulated and upregulated genes after ROCK 

inhibitor treatment. 

SIIA, Downregulated genes 

# Gene name 

33 C6orf15 

34 C9orf169 

35 CALB2 

36 CALCOCO2 

37 CALML5 

38 CARD18 

39 CASP4 

40 CAST 

41 CCDC132 

42 CCDC64B 

43 CD24 

44 CD82 

45 CEACAM6 

46 CGN 

47 CHMP4C 

48 CIB2 

49 CLCN3 

50 CLDN23 

51 CLDN7 

52 CLIC3 

53 CLINT1 

54 CLIP1 

55 CLTB 

56 CNFN 

57 CNKSR3 

58 COBLL1 

59 COL11A2 

60 CPE 

61 CPM 

62 CRB3 

63 CRCT1 

64 CRISPLD2 

Table 3-3: Downregulated (A) and upregulated (B) genes after ROCK inhibitor treatment 

A   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



112 

 

# Gene name 

100 FUT3 

101 FYTTD1 

102 GAS6 

103 GAS6 

104 GCNT3 

105 GDPD3 

106 GFPT1 

107 GLRX 

108 GLTP 

109 GLTPD1 

110 GPR1 

111 GPR56 

112 GRHL1 

113 GRHL3 

114 GSDMA 

115 GSDMC 

116 HAL 

117 HECTD3 

118 HIP1R 

119 HIST1H2AC 

120 HIST1H2AE 

121 HIST1H2BC 

122 HIST1H2BD 

123 HIST1H2BG 

124 HIST2H2AA3 

125 HIST2H2BE 

126 HOPX 

127 HPGD 

128 HSPB1 

129 HSPB8 

130 HSPC159 

131 ID1 

132 IDS 

133 IDS 

134 IER3 
 

# Gene name 

65 CRNN 

66 CST6 

67 CST6 

68 CWH43 

69 CYB5R2 

70 CYB5R3 

71 CYP4B1 

72 CYP4B1 

73 CYP4F22 

74 CYP4F3 

75 CYTH1 

76 DAAM1 

77 DBNDD1 

78 DBNDD2 

79 DHRS11 

80 DHRS3 

81 DHRS9 

82 DIP2B 

83 DLG1 

84 DNAJA4 

85 DSC2 

86 ENDOD1 

87 EPHX3 

88 ERP27 

89 FA2H 

90 FADS3 

91 FAM127A 

92 FAM129B 

93 FAM135A 

94 FAM3D 

95 FAM43A 

96 FLG 

97 FLG 

98 FTH1P3 

99 FUT2 
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# Gene name 

170 KRT80 

171 KRT80 

172 KRT81 

173 KRTDAP 

174 LACTB 

175 LAD1 

176 LAMP2 

177 LASS3 

178 LCE3D 

179 LCE3E 

180 LCE6A 

181 LCE6A 

182 LCN2 

183 LGALS8 

184 LIPG 

185 LIPM 

186 LOC100131138 

187 LOC100131138 

188 LOC388564 

189 LOC441052 

190 LOC730081 

191 LOR 

192 LPHN2 

193 LPXN 

194 LRRC37A 

195 LRRC8B 

196 LSR 

197 LY6G6C 

198 LYPD3 

199 LYPD5 

200 LYPD5 

201 MAL 

202 MALL 

203 MAMDC2 

204 MAN2B2 
 

# Gene name 

135 IER5 

136 IGFL2 

137 IL1F10 

138 IL1F5 

139 IQSEC2 

140 ISG20 

141 ITPRIP 

142 IVL 

143 KAT2B 

144 KAZN 

145 KCNK1 

146 KCNK12 

147 KCTD21 

148 KIAA0513 

149 KIAA1468 

150 KIAA1737 

151 KLK11 

152 KLK12 

153 KLK13 

154 KLK5 

155 KLK5 

156 KLK5 

157 KLK6 

158 KLK7 

159 KLK7 

160 KLK8 

161 KPRP 

162 KRT1 

163 KRT10 

164 KRT13 

165 KRT17 

166 KRT23 

167 KRT34 

168 KRT77 

169 KRT78 
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# Gene name 

240 OSTF1 

241 OTUB2 

242 PCSK6 

243 PERP 

244 PGRMC2 

245 PI3 

246 PIM3 

247 PITX1 

248 PLA2G4E 

249 PLA2G7 

250 PLCD1 

251 PLD5 

252 PLEKHA7 

253 PLEKHM1 

254 PLOD2 

255 POF1B 

256 PPARD 

257 PPP2R2B 

258 PPP3CA 

259 PRB1 

260 PRB2 

261 PRB4 

262 PRDM1 

263 PRICKLE2 

264 PRKAR1A 

265 PROM2 

266 PRRT3 

267 PRSS2 

268 PRSS27 

269 PSG11 

270 PSORS1C2 

271 PTTG1IP 

272 PYCARD 

273 RAB11FIP1 

274 RAB11FIP1 
 

# Gene name 

205 MANSC1 

206 MANSC1 

207 MAP2 

208 MAP2 

209 MARCHF3 

210 MAST4 

211 MBOAT2 

212 ME1 

213 METRNL 

214 METRNL 

215 MFSD1 

216 MFSD6 

217 MFSD6 

218 MIR614 

219 MLPH 

220 MPZL2 

221 MSRB3 

222 MUC1 

223 MUCL1 

224 MYL9 

225 NCCRP1 

226 NCCRP1 

227 NCF2 

228 NCK2 

229 NCRNA00087 

230 NDRG2 

231 NEBL 

232 NFATC4 

233 NIPA1 

234 NLRX1 

235 NPW 

236 NRBF2 

237 NSF 

238 NUAK2 

239 OBFC1 



115 

 

# Gene name 

310 SERPINB3 

311 SERPINB6 

312 SGPP2 

313 SH2D4A 

314 SH3BGRL2 

315 SH3KBP1 

316 SH3KBP1 

317 SHROOM3 

318 SIAE 

319 SLC12A8 

320 SLC25A43 

321 SLC37A2 

322 SLC39A2 

323 SLC39A8 

324 SLC44A1 

325 SLC44A3 

326 SLC5A1 

327 SLC6A14 

328 SLPI 

329 SMPDL3B 

330 SNX2 

331 SNX24 

332 SORT1 

333 SOX21 

334 SPINK5 

335 SPINK6 

336 SPINK7 

337 SPNS2 

338 SPRR1A 

339 SPRR2C 

340 SPRR2E 

341 SPRR2E 

342 SPRR3 

343 SPRR4 

344 SPTLC3 
 

# Gene name 

275 RAB9A 

276 RAC1 

277 RAET1E 

278 RAET1G 

279 RAET1L 

280 RAET1L 

281 RAP1GAP 

282 RBM47 

283 RDH11 

284 RHCG 

285 RIMBP3C 

286 RNASE7 

287 RNF144B 

288 RPL21 

289 RPTN 

290 S100A11 

291 S100A4 

292 S100A4 

293 S100A7 

294 S100P 

295 SAMD9 

296 SASH1 

297 SBSN 

298 SC4MOL 

299 SCEL 

300 SCEL 

301 SCNN1A 

302 SDCBP2 

303 SDCBP2 

304 SDCBP2 

305 SDR42E1 

306 SDR9C7 

307 SEC14L2 

308 SERPINA3 

309 SERPINB13 
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# Gene name 

380 WSB2 

381 XKRX 

382 ZMIZ1 
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

   

# Gene name 

345 SPTLC3 

346 STK40 

347 STRN 

348 STX19 

349 SULT2B1 

350 SULT2B1 

351 SVIL 

352 TDRD7 

353 TIMP2 

354 TINAGL1 

355 TMEM125 

356 TMEM45A 

357 TMEM45A 

358 TMEM86A 

359 TMSL3 

360 TNFAIP8L3 

361 TNIP1 

362 TP53I3 

363 TPD52L1 

364 TPD52L1 

365 TRADD 

366 TRIM2 

367 UGT1A6 

368 UGT1A6 

369 UGT2B7 

370 ULBP2 

371 UPK1A 

372 UPK1B 

373 USP6NL 

374 VASN 

375 VPS37C 

376 VSIG10L 

377 VWA5A 

378 WFDC5 

379 WFDC5 
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# Gene name 

1 ADCK5 

2 AGAP6 

3 AMDHD2 

4 ANKMY2 

5 ANP32B 

6 ARHGEF12 

7 ATIC 

8 BANF1 

9 BNC1 

10 C10orf2 

11 C11orf17 

12 C15orf42 

13 C17orf81 

14 C1orf105 

15 CAV1 

16 CBY1 

17 CDC25C 

18 CDH11 

19 CHEK2 

20 CKAP5 

21 CLK2 

22 CLUAP1 

23 CPVL 

24 CPVL 

25 CREB5 

26 DDB2 

27 DDX28 

28 DHX35 

29 DPP3 

30 DUSP5 

31 ELAVL2 

32 FAM156B 

33 FAM82B 

34 FAM86C 

35 FBXL6 

# Gene name 

36 FCER1A 

37 GALNTL4 

38 GLDC 

39 HERC5 

40 HMGN2 

41 HMGN2 

42 HMGN2P46 

43 HSPC157 

44 IFFO2 

45 IFT27 

46 IL33 

47 IRS1 

48 JAG2 

49 KCND3 

50 LOC100507358 

51 LRIG2 

52 LY6H 

53 MAD2L2 

54 MRPL11 

55 MRPL2 

56 MSH6 

57 MTHFSD 

58 NLN 

59 NUP85 

60 OGG1 

61 OPN5 

62 PAOX 

63 PGBD5 

64 PHB2 

65 PISD 

66 PLCD4 

67 POLR1E 

68 PSMB8 

69 PSME2 

70 PTTG1 

B 
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# Gene name 

71 RFC2 

72 RNPS1 

73 RPA1 

74 SDHA 

75 SDHB 

76 SEC22C 

77 SEPHS2 

78 SF3B5 

79 SHMT1 

80 SNORA24 

81 SNORA61 

82 SNORD14A 

83 SNORD17 

84 SNRPA 

85 SSRP1 

86 STAG3L3 

87 THOC6 

88 TMEM143 

89 TSPAN4 

90 TWF2 

91 UTY 

92 VAV2 

93 VDAC1 

94 WDR66 
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Figure 3-1: Cell growth rate of WT‑, Y42C‑, and Y42S‑transfected MKN74 cells compared to 

the growth rate of the mock group 

Cell lines were seeded in a cell culture plate and then incubated for 7 days. The viable cells were 

measured with a CellTiter‑Glo 3D Cell Viability Assay on day 1, 4 and 7. Data are shown as mean ± 

SD (n=3).  
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Figure 3-2:   

(A) Illustration of the injection site. (B) Representative figure showing the location of engraftment. L, 

lamina propria mucosae; Su, submucosa; M, muscular layer. Scale bar, 250 µm. 
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Figure 3-3: Transcriptome analysis of orthotopic inoculated tumors 

Hierarchical clustering of the differentially expressed human genes (A) and mouse genes (B) across 

all samples is shown vertically for genes and horizontally for the tumor samples. Samples that are 

mock, WT, Y42C, and Y42S are indicated in black, blue, red, and green, respectively. In the matrix 

table, red indicates high expression and blue indicates low expression profiles. (C) MA plots of altered 

gene expression between the Y42C/Y42S group and mock/WT group in human genes (tumor, left 

panel) and mouse genes (stroma, right panel). Each dot represents a transcript. The x-axis shows 

normalized counts and the y-axis shows the expressional change in log scale. Transcripts with an 

adjusted p-value <0.1 are shown in red. 
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Figure 3-4: GSEA analysis of mock/WT vs. Y42C/Y42S 

(A) GSEA analysis using hallmark gene sets from the Molecular Signature Database (see: 

http://software. broadinstitute.org/gsea/msigdb/index.jsp) was carried out. The statistically significant 

signatures were selected (FDR <0.25) and placed in order of normalized enrichment score (NES), 

which represents the strength of the relationship between the phenotype and gene signature. Red bars 

indicate the pathways enriched in the Y42C/Y42S group and blue bars indicate those enriched in the 

mock/WT group. (B) GSEA results of the correlation between gene sets in the two groups and the 

gene signatures reported after treatment with a ROCK inhibitor. The GSEA results for downregulated 

genes are in the left panel, and for upregulated genes in the right panel. In each enrichment plot, the 

green curve corresponds to the enrichment score (ES) curve, which is the running sum of the weighted 

ES. The nominal p‑value estimates the statistical significance of a single gene set's enrichment score. 

Heat maps show the top 20 core genes (ranked by ‘Rank Metric Score’, which is the signal to noise 

ratio for each gene used to position the gene in the ranked list) that drive the enrichment score of the 

GSEA clusters. Heat maps of the total core genes are shown in Figure 3-6. GSEA, Gene Set 

Enrichment Analysis; ROCK, Rho-associated kinase. 
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Figure 3-5: Gene Set Enrichment Analysis (GSEA) of the mock/WT cohort vs. Y42C/Y42S 

cohort using hallmark gene sets from the Molecular Signature Database 

The enrichment plots have been categorized into those statistically significant signatures in the 

mock/WT group (A), and those in the Y42C/Y42S group (B). Each enrichment plot illustrates the 

specific gene sets associated with the difference between two cohorts. 
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Figure 3-6: Heat maps of a GSEA of mock/WT vs. Y42C/Y42S using the gene signatures reported 

after treatment with a ROCK inhibitor 

The genes include all the core genes that drive the enrichment score of the GSEA clusters. The results 

for downregulated genes are in the left panel, and for upregulated genes in the right panel.  
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Figure 3-7: Histopathological evaluation of the formation of small tumor nests 

(A) Representative images of small (S) and large (L) tumor nest areas. HE stain (left), and Sirius red 

stain (right). Scale bar, 100 µm. (B) Representative images of the tissue sections in mock, WT and 

RHOA mutants. The tumor nests are circumscribed by collagen fibers. T, tumor area. Scale bar, 1 mm. 

HE stain (upper row), and Sirius red stain (bottom row). (C) The ratio of small tumor nest area to total 

tumor area. Each dot represents the ratio in a tumor tissue section from 1 animal. The bars show the 

average for each group. *p<0.05, **p<0.01, one-way analysis of variance followed by a Dunnett's test. 
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Figure 3-8: Immunohistochemical analysis of stromal components 

Representative images of immunohistochemical staining for endothelial cells (A, CD31, arrows; scale 

bar, 100 µm) and macrophages (Mφ) (B, F4/80, arrowheads; scale bar, 200 µm) are shown. T, tumor 

area. Scoring criteria for CD31 (x20 magnification): 0, not observed; 1, >0-6 per site; 2, >6-9 per site; 

3, 10 or more per site. Scoring criteria for F4/80: 0, not observed; 1, scattered; 2, diffuse; 3, focally 

dense. In the corresponding histology scores, each dot stands for the score in a tumor tissue section 

from 1 animal. The bars show the average for each group. *p<0.05, difference between mutant group 

and control group was assessed with nonparametric Steel's test. 
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Figure 3-9: Histological evaluation of the invasive front of tumors using HE stain 

(A) Representative images of the invasive front of the tumor mass. The areas marked in squares in the 

upper row are shown at higher magnification in the lower row. The inflammatory cell infiltration with 

fibrosis observed in the stroma of the mock tumor is markedly weaker in the mutant tumor. S, stroma; 

T, tumor mass. Arrows show necrosis of tumor cells. Scale bar, 500 µm (upper panels) and 200 µm 

(lower panels). (B) Scoring for host reaction in the invasive front. Scoring criteria: 0, not observed; 1, 

occasionally observed; 2, moderately observed; 3, frequently observed. The total histology score is 

the sum of scores for the other three findings. Each dot stands for the score in a tumor tissue section 

from 1 animal. The bars show the average for each group. *p<0.05, difference between mutant group 

and control group was assessed with Steel's test. 
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 In this study, I evaluated the biological function of RHOA mutations in DGC. In chapter 1, 

I described that RHOA mutations maintained cell survival and increased cell migration through the 

inhibition of ROCK signaling in vitro. CLG fusions, which are mutually exclusive with RHOA 

mutations, had similar functions in cell survival and cell motility. Next, I characterized in vivo ORT 

model compared with SC model and decided that the ORT model was suitable for understanding DGC 

biology in chapter 2. In chapter 3, I evaluated in vivo functionality of RHOA mutations, and revealed 

that mutated RHOA induced small tumor nests, increased blood vessel formation and infiltration of 

macrophages within the tumor mass. Furthermore, the RHOA-mutated tumor cells had little antitumor 

host reaction in the invasive front, which is similar to the pattern of mucosal invasion in clinical 

RHOA-mutated DGC. A series of evidence indicated that RHOA mutations would contribute clinical 

DGC development and could be potential target for DGC treatment. 

To obtain these results, I utilized commercially available cancer cell lines. Though I 

investigated DGC cell lines which have RHOA mutations, those cell lines are not found. DGC spread 

without clear polyps or ulcers, and frequently show intraperitoneal metastasis [73, 74], therefore the 

operable cases are limited. If tissue specimens were not obtained, it is difficult to establish DGC cell 

lines. Actually, some Japanese and Korean groups established cell lines from poorly differentiated 

gastric cancers, but they isolated cell lines from ascites fluid in most of the cases [148-152]. I 

substituted RHOA mutated cell lines from other organs, but RHOA mutated cell lines originated from 
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DGC would be more suitable for exploring DGC biology. Recent progress of endoscopic and image 

analysis technology has been able to detect DGC in operable stage [153-155] and would accelerate 

DGC research including establishment of cell line or patient derived xenograft model [156] with tissue 

specimens. Tumor microenvironment also critical to reveal the biology of DGC, because RHOA 

mutated cancer cells influenced host cells as shown in Chapter 3. To reduce the culture bias and retain 

the effects of tumor microenvironment, a three-dimensional organoid culture that enables ex vivo 

analysis of stem cell behavior and differentiation would be useful [157-161]. Seidlitz reported that 

human gastric cancer organoids maintained primary tumor characteristics [161]. The combination of 

current my evaluation model and future progress of tissue collection and culture technology would 

provide further understandings of DGC.  

I evaluated the functions of mutated RHOA in DGC, but other research groups targeting 

different cancer types with RHOA mutations would provide valuable insights. Within solid tumors, 

esophageal squamous carcinoma is secondary frequent after DGC and RHOA mutations are also 

observed in bladder, cervical, colorectal, endometrial, and head and neck cancers [46, 162]. RHOA 

mutations in DGC were accumulated in R5, G17 and Y42, and I revealed that G17, Y42 and L57 

mutations are functional but not R5 (Figure 1-1, 1-4, 1-16). Although the frequency is low, the site-

specific accumulation of RHOA mutations like DGC was not observed in esophageal, bladder, cervical, 

colorectal and endometrial cancers. On the other hands, E40Q mutations were accumulated in head 



138 

 

and neck cancer [46]. E40 is located in effector binding region as same as Y42 [43], but the RHOA 

knockdown of E40Q mutated CJM, which is oral cavity squamous cell carcinoma cell line, did not 

impair cell survival (Figure 1-1). Various effector proteins interact with RHOA [58, 59], so another 

key molecule beside ROCK might contribute head and neck cancer development. 

Apart from solid tumors, highly frequent RHOA mutations are observed in lymphoma such 

as AITL, PTCL-NOS, adult T-cell leukemia-lymphoma (ATL), Burkitt lymphoma and diffuse large B-

cell lymphoma (DLBCL). The mutation spectrum is dependent on each tumor type and some 

mutations are common to DGC, concretely G17V in AITL and PTCL-NOS, C16R, G17V/E/R and 

A161P/E in ATL, R5Q/W and Y42F/H/S in Burkitt lymphoma and DLBCL [46]. RHOA is known as 

a key regulator of innate and adaptive immunity [163]. T cell compartment specific deletion of RhoA 

impaired thymocyte differentiation [164]. G17 mutations did not bind to GTP [47] and C16 locates in 

GTP/GDP binding site. Therefore, C16 and G17 mutations would work as dominant negative form 

and dysregulate the differentiation process of T cells. A161 is located in RHO-GDI binding region, so 

the mutations in this region might destabilize RHOA in cytoplasm [165]. As for B cell development, 

it is reported that the genetic deletion of RhoA in hematopoietic stem cells reduced the frequencies of 

B cell progenitors in the bone marrow [166]. R5 or Y42 mutations were dominant in B cell lymphoma. 

Because Y42 mutations would induce conformational change, it is indicated that the altered affinity to 

effector proteins induce RHOA signaling dysfunction. On the other hands, R5 is one of hotspot, but 
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not located in any functional domain. In my study, R5 mutations did not maintain cell survival and not 

promote cell migration (Figure 1-4, 1-16). To reveal the interaction between R5 mutants and some 

functional effector proteins, it would be effective to conduct an immunoprecipitation of R5 mutants 

compared with other mutations or WT. Fortunately, R5 mutants were relatively stable as a protein 

unlike G17 mutants (Figure 1-3), so this is my next challenge.  

In addition to RHOA mutations, the genetic alterations related to TCR signaling related 

molecules such as FYN, VAV1, PLCG1, CARD11 and CD28 also were enriched in AITL, PTCL-NOS 

and ATL, and also the inactivating mutations of Ga13-dependent pathway genes including S1PR2, 

GNA13, ARHGEF1, and P2RY8 were accumulated in Burkitt lymphoma and DLBCL [46]. Therefore, 

the co-occurrence and the exclusivity against RHOA mutations would provide clues to identify the 

molecular mechanism. As I described, RHOA mutations and CLG fusions were mutually exclusive 

[45], so the inactivation of RHOA-ROCK signaling is one of the key pathways in DGC development. 

As for other genetic alterations, CDH1 mutations were enriched in DGC but not all patients were 

mutually exclusive with RHOA mutations [43]. CDH1 mutations are the most common germline 

mutations detected in hereditary diffuse gastric cancer (HDGC) syndrome [167]. It was also reported 

that CDH1 and p53 double conditional knockout mice induced DGC like carcinomas composed of 

poorly differentiated tumor cells and signet ring cells [168]. Because the inactivation of CDH1 loose 

cell-cell interaction, I speculated that epithelial-mesenchymal transition (EMT) signaling would be 
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induced in RHOA mutated tumors. However, the gene set of EMT signaling was not enriched in ORT 

model (Figure 3-4). It was reported that both RHOA and CDH1 involved in collective cell migration, 

that two or more cells retaining their cell-cell adhesion move together across the ECM [169-172]. 

Cancer associated fibroblasts (CAFs) have a role to lead collective migration of carcinoma cells by 

generating proteolytic ECM paths [173, 174]. In my study, mouse stroma cells were much invaded 

into RHOA mutated tumor mass compared with mock/WT (Figure 3-7). Therefore, the collective cell 

migration induced by the dysfunction of RHOA and CDH1 might be important mechanism to develop 

DGC. 

 Finally, I’d like to discuss the possibility of future therapeutics targeting the RHOA mutated 

DGC. RHOA does not have specific functional pocket such as kinase domain because RHOA is a small 

and a globular protein. Generally speaking, it is tough to develop the inhibitors of protein-protein 

interactions (PPI) such as RHOA and effector proteins. In the past, Shang et al. identified a Rho-

specific inhibitor, Rhosin, by virtual screening [175]. Rhosin bound to the surface area sandwiching 

Trp58 with a submicromolar Kd and also effectively inhibited RHOA-mediated cellular function 

without affecting CDC42 or RAC1 signaling in cells. Although its affinity would not be sufficient in 

anticipation of the clinical use, virtual screening would be potential approach to develop the small 

molecule inhibitors targeting RHOA mutations. As for another approach, peptide-based inhibitors have 

a potential activity to inhibit PPIs [176-178]. The difficulty of peptide therapeutics is the intracellular 
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penetration, because their molecular size is larger than small molecule inhibitors. However, recent 

technologies are improving their penetration and inhibition effects [179]. Since RHOA mutations kept 

ROCK signaling inactive, the activator for ROCK signaling would be useful in RHOA-mutated DGC. 

Unfortunately, the specific activator of ROCK has not been reported. Although, I found that elevated 

RHOB proteins reactivated ROCK signaling and contributed cell death of the RHOA mutated cell line 

(Figure 1-6, 1-12). Some functions of RHOA are compensated by RHOB and/or RHOC in organ 

specific manner [53, 180, 181]. Therefore, further analysis to elucidate the activation mechanism of 

RHOB or RHOC would accelerate the development of therapeutics.  

 My studies revealed the biology of RHOA-mutated DGC in vitro and in vivo. I showed the 

histopathological similarity between RHOA-mutated tumors in the ORT model and clinical RHOA-

mutated DGC. Therefore, a series of results could accelerate the understanding of clinical DGC. It is 

still challenging to develop effective therapeutics for DGC having RHOA mutations, but this is a 

meaningful first step to overcome RHOA-mutated DGC. 
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