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Abstract. The ras homolog family member A (RHOA) gene 
encodes a member of the Rho family of small GTPases and is 
known to function in reorganization of the actin cytoskeleton, 
which is associated with regulation of cell shape, attachment 
and motility. RHOA has been found to be recurrently mutated 
in gastrointestinal cancer; however, the functional signifi‑
cance of the mutated RHOA protein in digestive tract cancers 
remains to be uncovered. The aim of the present study was 
to understand the role of mutant RHOA in the proliferation 
and transcriptome of digestive tract cancer cells. Mutations of 
RHOA in one esophageal cancer cell line, OE19, eight gastric 
cancer cell lines, namely, AGS, GCIY, HGC‑27, KATO III, 
MKN1, MKN45, SNU16 and SNU719, as well as two colon 
cancer cell lines, CCK‑81 and SW948, were determined using 
Sanger sequencing. The results uncovered several mutations, 
including p.Arg5Gln and p.Tyr42Cys in CCK‑81, p.Arg5Trp 
and p.Phe39Leu in SNU16, p.Gly17Glu in SW948, p.Tyr42Ser 
in OE19, p.Ala61Val in SNU719, p.Glu64del in AGS. 
Wild‑type RHOA was identified in GCIY, HGC‑27, KATO 
III, MKN1 and MKN45. Knockdown of RHOA using small 
interfering RNA attenuated the in vitro proliferation in the 
three‑dimensional culture systems of GCIY, MKN1, OE19 and 
SW948, whereas no apparent changes were seen in CCK‑81, 
HGC‑27 and SNU719. Transcriptome analysis revealed that 
downregulation of the long non‑coding RNA (lnc)‑DERA‑1 
was observed in all tested cell lines following RHOA knock‑
down in the RHOA‑mutated cell lines. Gene Ontology analysis 

showed that the genes associated with small molecule metabolic 
process, oxidation‑reduction processes, protein kinase activity, 
transport, and cell junction were commonly downregulated in 
cells whose proliferation was attenuated by the knockdown of 
RHOA. These results suggested that certain RHOA mutations 
may result in upregulation of lnc‑DERA‑1 and genes associated 
with cellular metabolism and proliferation in digestive tract 
cancers.

Introduction

The ras homolog family member A (RHOA) gene encodes a 
member of the Rho family of small GTPases and is known 
to function in reorganization of the actin cytoskeleton, which 
is associated with regulation of cell shape, attachment and 
motility. RHOA has been found to be recurrently mutated 
in gastrointestinal cancer, especially in diffuse‑type gastric 
cancer cases (1‑3). In this cancer, residues p.Arg5, p.Gly17, 
p.Tyr42 and p.Leu57 of RHOA are considered hotspot 
missense mutations (1,2). However, the functional significance 
of these mutations has not been consistently demonstrated. 
Kakiuchi et al (1) suggested that the hotspot mutations were 
gain‑of‑function mutations because inhibiting the expression 
of the mutant RHOA induced the suppression of proliferation 
of gastric cancer cells. In addition, Zhang et al (4) showed 
that RHOAp.Tyr42Cys was a gain‑of‑function mutation that could 
sufficiently induce diffuse‑type gastric cancer in a mouse 
model. On the other hand, Wang et al (2) indicated that these 
were loss‑of‑function mutations because the mutant RHOA 
protein showed reduced small GTPase activity and lost 
the ability to mediate anoikis. Sakata‑Yanagimoto et al (5) 
also reported that the RHOA p.Gly17Val mutation was a 
loss‑of‑function mutation because it showed loss of GTP 
binding activity and inhibition of wild‑type RHOA function. 
Interestingly, knockdown of RHOA in gastric cancer cells 
with intrinsic abundant expression of RHOA, irrespective 
of its mutational status, results in inhibition of proliferation 
in vitro (6). Downregulation of RHOA via miR‑31 inhibits 
cell proliferation and invasiveness (7). Moreover, overexpres‑
sion of wild‑type RHOA induces immortalization of human 
mammary epithelial cells. However, these immortalized cells 
were anchorage‑dependent and were unable to form tumors 
when implanted in nude mice  (8). Although these pieces 
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of evidence have highlighted the different aspects of the 
molecular functions of RHOA, the functional role of RHOA 
mutations in the digestive tract cancers are yet to be deter‑
mined. In the present study, to understand the functional role 
of RHOA mutations in digestive tract cancers, genotyping, 
transcriptome analysis and proliferation assays were carried 
out in cell lines expressing the mutant or wild‑type RHOA, as 
well as in cells where RHOA has been knocked down.

Materials and methods

Cell culture. The AGS cell line was obtained from American 
Type Culture Collection. The GCIY, KATO III, HGC‑27, 
MKN1 and MKN45 cell lines were obtained from RIKEN 
BioResource Center. The OE19 and SW948 cell lines were 
obtained from Public Health England (Salisbury, UK). SNU16 
and SNU719 cell lines were obtained from Korean Cell 
Line Bank. CCK‑81 cell line was obtained from Japanese 
Collection of Research Bioresources Cell Bank. All cell lines 
were cultured according to recommendations from suppliers. 
AGS cells were cultured in F‑12 Ham, Kaighn's Modification 
(Sigma‑Aldrich; Merck  KGaA) supplemented with 10% 
FBS (Immuno‑Biological Laboratories Co., Ltd.). Minimum 
Essential Medium (MEM; Sigma‑Aldrich; Merck  KGaA) 
supplemented with 15%  FBS was used for GCIY cells. 
RPMI‑1640 (Sigma‑Aldrich; Merck KGaA) supplemented 
with 10% FBS was used for KATO III, MKN1, MKN45, OE19, 
SNU16 and SNU719 cell culture. MEM supplemented with 
10% FBS was used for HGC‑27 and CCK‑81 cell maintenance. 
Leibovitz's L‑15 (Thermo Fisher Scientific, Inc.) supplemented 
with 2 mM Glutamine (Thermo Fisher Scientific, Inc.) and 
10% FBS was used for SW948 cell culture. SW948 cells were 
maintained at 37˚C with 100% air in a humidified atmosphere; 
all other cell lines were cultured at 37˚C with 5% CO2 in a 
humidified atmosphere. These cell lines were selected because 
of availability and of being characterized previously as origi‑
nating from digestive tract tumors (1,9‑12).

Mutational analysis of the cell lines. DNA was extracted from 
the cultured cells using GenElute™ Mammalian Genomic 
DNA Miniprep Kit (Sigma‑Aldrich; Merck KGaA) according 
to the manufacturer's instructions. All coding exons and splice 
sites of RHOA were amplified by using AccuPrime™ Taq DNA 
Polymerase (Thermo Fisher Scientific, Inc.) and paired primers 
shown in Table SI. The amplified products were analyzed using 
Sanger sequencing, as described previously (13). To investigate 
whether RHOAp.Arg5Gln and RHOAp.Tyr42Cys in the CCK‑81 cell 
line were cis‑ or trans‑compound heterozygous mutations, 
mutation‑specific primers, wild‑type specific primers and 
intron primers were designed as shown in Table SII.

Small interfering RNA (siRNA) targeting RHOA. Knockdown 
of RHOA using siRNA was conducted, as previously 
reported  (1). The validated RHOA siRNA used included: 
i) RHOA siRNA2 sense, 5'‑CUA​UGA​UUA​UUA​ACG​AUG​
UTT‑3' and antisense, 5'‑ACA​UCG​UUA​AUA​AUC​AUA​
GTT‑3'; and ii) RHOA siRNA3 sense, 5'‑GGC​UUU​ACU​CCG​
UAA​CAG​ATT‑3' and antisense, 5'‑UCU​GUU​ACG​GAG​UAA​
AGC​CCT‑3'. The negative control (NC) siRNA sequences 
were: sense, 5'‑GUA​CCG​CAC​GUC​AUU​CGU​AUC‑3' and 

antisense, 5'‑UAC​GAA​UGA​CGU​GCG​GUA​CGU‑3'. For the 
cellular proliferation assay, 1.0x104 cells/well were seeded 
into a 96‑well clear flat bottom ultra‑low attachment plate 
(Corning, Inc.) with 100 µl growth medium containing 1 nM 
of siRNA and 0.16% (vol/vol) RNAiMAX (Thermo Fisher 
Scientific, Inc.) according to the manufacture's instruction. 
The cells were incubated at 37˚C with 5% CO2 in humidified 
conditions, except for SW948 cells that were incubated at 37˚C 
with 100% air. Cells were assayed 24 h later (Day 1) and then 
every 48 h (Day 3 and 5) until Day 7. For immunoblotting, 
2.5x105 cells/well were seeded into a 6‑well clear flat‑bottom 
ultra‑low attachment plate with 1 ml medium containing 1 nM 
siRNA and 0.16% (vol/vol) of RNAiMAX. The transfected 
cells were incubated as aforementioned, and collected 48 h 
later. The low attachment plates were used to allow prolif‑
eration in three‑dimensional spheroid conditions, a method 
that is more suitable for in vitro bioassays than conventional 
two‑dimensional assays (14).

Three‑dimensional cell proliferation assay. Following 
RHOA‑knockdown, cell viability was assessed using the 
CellTiter‑Glo® 3D Cell Viability Assay (Promega Corporation) 
according to the manufacturer's instruction. The viability of 
the cells transfected with NC siRNA was used as the control. 
Cell viability was calculated after subtraction of background 
absorbance as follows: Cell viability (%)=(absorbance of the 
sample/absorbance of the control) x100.

Immunoblotting. Cells were harvested and lysed in modified 
RIPA buffer containing 1X complete mini protease inhibitor 
cocktail (Sigma‑Aldrich; Merck KGaA) and 1X PhosSTOP 
phosphatase inhibitor cocktail (Sigma‑Aldrich; Merck KGaA). 
Protein concentration was determined by using the Bradford 
Protein Assay Kit (Bio‑Rad Laboratories, Inc.) according 
to the manufacture's instruction. Cell extracts containing 
40 µg protein were separated by electrophoresis on a 10‑20% 
gradient polyacrylamide gel and blotted onto a polyvinylidene 
difluoride membrane (ATTO Corporation) using the XV 
Pantera MP System (DRC Co., Ltd.), according to the manu‑
facturer's instructions. Blocking was performed for 1 h using 
the ECL Blocking Agent (Amersham Biosciences; Cytiva) at 
room temperature (RT), and the membrane was incubated with 
primary antibodies overnight at 4˚C. Primary antibodies used 
were the rabbit monoclonal anti‑RHOA antibody (clone 67B9; 
1:1,000 dilution; cat. no. 2117; Cell Signaling Technology, Inc.) 
and the mouse monoclonal anti‑β‑actin antibody (clone AC‑15; 
1:1,000 dilution; cat. no. A5441; Sigma‑Aldrich; Merck KGaA). 
The membrane was incubated with a corresponding secondary 
antibody for 1 h at RT. The secondary antibodies used were 
horseradish peroxidase‑conjugated anti‑mouse and anti‑rabbit 
immunoglobulin antibody (1:10,000 dilution) (cat. nos. NA931 
and NA934; GE Healthcare). The signals were visualized using 
the ECL Prime Western Blotting Detection Reagent (Cytiva) 
and LAS 4000 Mini system (Fujifilm Wako Pure Chemical 
Corporation).

Microarray analysis. Total RNA was isolated from the 
cultured cells using the RNeasy Mini kit (Qiagen GmbH) 
and was subjected to microarray analysis for transcriptome. 
The microarray analysis was performed by RIKEN Genesis, 
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using Agilent SurePrint G3 Human GE Microarray 8x60k 
Ver3.0 (G4851C) (Agilent Technologies, Inc.). Gene Ontology 
analysis was performed (http://geneontology.org) using the 
PANTHER Classification System (http://pantherdb.org/) (15).

Statistical analysis. The cell growth rate was represented in 
terms of mean and standard error and was compared using 
one‑way ANOVA and Tukey's test. In microarray analysis, 
only genes whose expression levels were detected were 
considered for further analysis. Changes in gene expression 
levels were compared using unpaired two‑tailed Student's 
t‑tests. Hierarchical clustering analysis was performed using 
absolute values of fold changes of genes by the following 
conditions: Clustering Algorithm, Hierarchical; Clustered By, 
Normalized intensity values; Similarity Measure, Euclidean; 
Linkage Rule, Wards. P<0.05 was considered statistically 
significant, except for gene ontology analysis, in which 
GeneSpring corrected P‑value <0.1 was considered statistically 
significant. The statistical analyses of cell viability assay were 
performed using JMP Pro 13 (Cary). The statistical analyses 
of microarray results were performed using GeneSpring 14.8 
(Agilent Technologies, Inc.).

Results

The mutations in the entire coding exons and splice sites of 
RHOA were examined in one esophageal cancer cell line 
(OE19), eight gastric cancer cell lines (AGS, GCIY, HGC‑27, 
KATO III, MKN1, MKN45, OE19, SNU16 and SNU719) and 
two colon cancer cell lines (CCK‑81 and SW948) using Sanger 
sequencing. Mutations were identified as p.Arg5Gln and 
p.Tyr42Cys in CCK‑81, p.Arg5Trp and p.Phe39Leu in SNU16, 
p.Gly17Glu in SW948, p.Tyr42Ser in OE19, p.Ala61Val in 
SNU719 and p.Glu64del in AGS in RHOA, some of which 
were consistent with published reports (Table  SIII and 
Fig. S1A) (1,16,17). All these mutations were heterozygous. 
Among them, p.Arg5Gln and p.Tyr42Cys in CCK‑81 were 
compound heterozygous mutations in a trans configuration 
(Fig. S1B and C). Although AGS had been used as a cell line with 
wild‑type RHOA in a report published elsewhere (1), the AGS 
line used in the present study harbored an in‑frame deletion, 
p.Glu64del, which was consistent with the data in the COSMIC 
database (COSM2849889, https://cancer.sanger.ac.uk/cell_
lines/mutation/overview?id=122450537). No RHOA mutation 
was found in GCIY, HGC‑27, KATO III, MKN1 and MKN45. 
The expression of RHOA was examined in all cell lines. RHOA 
protein was markedly expressed, although at different levels, 
regardless of the presence or absence of mutations (Fig. 1).

To understand the functional significance of RHOA in 
these cancer cell lines, 3‑dimensional cell proliferation assays 
were conducted in cell lines expressing the protein and in cell 
lines where RHOA had been knocked down. The knockdown of 
RHOA was carried out in 9 adherent cell lines (AGS, CCK‑81, 
GCIY, HGC‑27, MKN1, MKN45, OE19, SNU719 and SW948) 
by RNA interference using two siRNAs that were previously 
validated and used elsewhere (1). After two days of transfec‑
tion, knockdown of RHOA was confirmed in all the examined 
cells by immunoblotting (Fig. 2A). A total of eight cell lines 
which showed sufficient knockdown of RHOA were assayed 
for their proliferation (Fig. 2B). Proliferation was attenuated in 

the GCIY, MKN1, OE19 and SW948 cell lines, but not in the 
HGC‑27, SNU719 or CCK‑81 cell lines. AGS cell line showed 
a conflicting result of decreased proliferation with one siRNA 
but no change with the other siRNA, although both siRNAs 
resulted in the same level of RHOA knockdown.

To investigate the gene expression profiles underlying the 
proliferation phenotypes, transcriptome analyses of cells with 
RHOA knockdown and mock transfectants were performed 
using microarray. The cell lines used for transcriptome 
analysis include: i) HGC‑27, harboring the wild‑type RHOA, 
with no growth alteration following RHOA knockdown; 
ii) AGS, harboring RHOAp.Glu64del, with reduced proliferation 
following RHOA knockdown; iii) CCK‑81, harboring RHOAp.

Arg5Gln and RHOAp.Tyr42Cys, with no growth change following 
RHOA knockdown; and iv) SW948, harboring RHOAp.Gly17Glu, 
with reduced proliferation following RHOA knockdown. 
Significantly knocked down of RHOA was confirmed at its 
transcriptional level by the microarray analysis in HGC‑27, 
AGS, CCK‑81 and SW948, with fold changes in expression of 
4.13x10‑2, 4.67x10‑2, 1.46x10‑1 and 4.91x10‑2, respectively.

A hierarchical clustering analysis of the transcriptomes 
showed that the expression profiles clustered specific to the cell 
type rather than the knockdown of RHOA (Fig. 3). On a detailed 
comparison between the transcriptomes of cells with RHOA 
knockdown and those without the knockdown, numerous 
genes were identified that were significantly downregulated 
(<0.5‑fold) or upregulated (>2.0‑fold) (Tables  I  and SIV). 
lnc‑DERA‑1 was significantly downregulated after RHOA 
knockdown in cells with mutated RHOA.

The functional relationship among differentially expressed 
genes was analyzed using the Gene Ontology database 
and the PANTHER Classification System (Table  SV and 
Fig.  S2). According to interpretations of the biological 
process terms from the Gene Ontology database, it was 
inferred that genes associated with ‘small molecule metabolic 
process (GO:0044281)’ and ‘oxidation‑reduction process 
(GO:0055114)’ were downregulated, while genes associated 
with ‘vasculogenesis (GO:0001570)’, ‘positive regulation of 
endothelial cell proliferation (GO:0001938)’, ‘cyclin‑depen‑
dent protein serine/threonine kinase activity (GO:0004693)’, 

Figure 1. RHOA expression in digestive tract cancer cell lines. The expression 
of RHOA in digestive tract cancer cell lines was detected by immunoblot‑
ting using a rabbit monoclonal anti‑RHOA antibody. β‑actin was used as a 
loading control. The pictures were cropped from the same blot probed with 
the anti‑RHOA antibody firstly (upper) and the anti‑β‑actin antibody subse‑
quently (lower). The experiments were performed twice and similar results 
were obtained. GCIY, HGC‑27, KATO III, MKN1 and MKN45 harbored 
wild‑type RHOA. RHOA mutations were detected as p.Glu64del in AGS, 
p.Arg5Trp and p.Phe39Leu in SNU16, p.Ala61Val in SNU719, p.Tyr42Ser 
in OE19, p.Arg5Gln, p.Tyr42Cys in CCK‑81 and p.Gly17Glu in SW948. 
RHOA, ras homolog family member A.

https://www.spandidos-publications.com/10.3892/ol.2021.12996
https://www.spandidos-publications.com/10.3892/ol.2021.12996
https://www.spandidos-publications.com/10.3892/ol.2021.12996


IKARI et al:  RHOA IN DIGESTIVE TRACT CANCER CELLS4

‘transmembrane signaling receptor activity (GO:0004888)’ and 
‘olfactory receptor activity (GO:0004984)’ were upregulated. 

This altered expression profile was common only in cells with 
attenuated proliferation in vitro due to RHOA knockdown.

Figure 2. RHOA knockdown efficiency and cell proliferation after RHOA knockdown. (A) Knockdown of RHOA using RHOA siRNA2 or RHOA siRNA3 
confirmed by immunoblotting. The pictures were cropped from the same blot for each cell line probed with the anti‑RHOA antibody firstly (upper) and the 
anti‑β‑actin antibody subsequently (lower). The experiments were performed twice and similar results were obtained. (B) Cell proliferation rates after RHOA 
knockdown using the RHOA siRNA2 or RHOA siRNA3. Data were normalized using the cell viability data of mock transfectants using negative control 
siRNA (NC) in Day 1. The data has been represented as the means ± standard error. The experiments were performed twice in triplicate wells and similar 
results were obtained. *P<0.01. NC, negative control; RHOA, ras homolog family member A; siRNA, small interfering RNA.



ONCOLOGY LETTERS  22:  735,  2021 5

Discussion

The present study identified RHOA mutations in digestive tract 
cancer cell lines and showed that the protein was evidently but 
varyingly expressed in these cells regardless of the genotype. 
The mutations included missense mutations and one in‑frame 
deletion (p.Arg5Gln, p.Arg5Trp, p.Gly17Glu, p.Phe39Leu, 
p.Tyr42Cys, p.Tyr42Ser, p.Ala61Val and p.Glu64del). According 
to the COSMIC database, p.Arg5Gln, p.Arg5Trp, p.Gly17Glu, 
p.Tyr42Cys and p.Tyr42Ser are common hotspot mutations while 
p.Phe39Leu, p.Ala61Val and p.Glu64del are rare mutations. It 
is indicated that the frequencies of the p.Arg5Gln, p.Arg5Trp, 
p.Gly17Glu, p.Tyr42Cys and p.Tyr42Ser represented 4, 10, 7, 23 
and 4% of 99 nonsynonymous mutations detected in 1,854 gastric 
cancer samples, respectively (COSMIC database; accessed on 
2019.1.15). However, p.Phe39Leu, and Ala61Val have not been 
identified in the gastric cancer samples, but in the hematopoietic 
system (p.Phe39Leu) and large intestine (p.Ala61Val), in the 
COSMIC database. In the present study, knockdown of RHOA 
inhibited the proliferation of some cell lines. The inhibition was 
observed in two of the three cell lines expressing wild‑type 
RHOA and three of the five cell lines with mutant RHOA (AGS 
with p.Glu64del, OE19 with p.Tyr42Cys and SW948 with 
p.Gly17Glu). This suggested that RHOA promoted cell prolifera‑
tion depending on some intrinsic nature of the cells. The AGS 

cell line showed the conflicting result of decreased proliferation 
with one siRNA but no change with the other siRNA, although 
both siRNAs resulted in the same level of RHOA knockdown, 
which is different from the result of a similar experiment using 
the same siRNAs, performed by Kakiuchi et al (1) (showing no 
significant change by either siRNA). Knockdown of RHOA in 
AGS cells was shown to inhibit cell proliferation in a previously 
published study by Liu et al (18), which is partially consistent 
with the findings of the current study. The biological reason for 
these conflicting results is obscure, and requires further inves‑
tigation. The knockdown of RHOA in the current experiments 
were not specific to mutated transcripts, but specific to both the 
mutated and the wild‑type transcripts in cells with heterologous 
alleles. The cell cycle and apoptosis of RHOA knockdown cells 
were not examined; therefore, it is unclear whether the inhibition 
of proliferation was due to attenuation of cell cycle or increase 
of apoptosis.

Furthermore, the present study also evaluated the change 
in the expression profile of other genes associated with 
RHOA. Hence, the transcriptome of RHOA knockdown 
cells was analyzed. It was hypothesized that genes that 
were down‑ and upregulated following RHOA knockdown 
would represent genes promoted and inhibited by RHOA 
expression, respectively. lnc‑DERA‑1 was commonly 
downregulated in examined cells with RHOA mutation. 

Table I. Genes of significantly altered expression following RHOA knockdown.

Cell line	 Downregulated gene	 Upregulated gene

AGS	 CLDN18, CYP26C1, KRT28, LGSN, 	 GATS, KDR, KRT39, LINC00113, lnc‑DHX34‑1, lnc‑EIF2B5‑2, 
	 LINC00909, LINC00933, lnc‑ARRDC3‑1,	 lnc‑GABARAPL3‑4, lnc‑RIC3‑1, LOC399900, LOC643339,
	 lnc‑DERA‑1, LOC155060, RHOA,	 OR4C15, SMIM24, SZT2
	 SLC26A1, STK31	
CCK81	 FOXQ1, lnc‑DERA‑1, lnc‑FAM189A1‑3, 	 CDK15, CYSLTR1, KLF2, lnc‑C5orf38‑3, lnc‑NTRK2‑3, MXRA7, 
	 lnc‑OXNAD1‑2, lnc‑RP11, 181C3.1.1‑1,	 RHOB, ZG16
	 METTL6, RHOA, SP5	
HGC27	 EGFR, IGFBP3, lnc‑AL020996.1‑2, 	 CDK19, COL5A1, CSRNP3, LINC01529, lnc‑ANLN‑4, 
	 lnc‑CPSF7‑1, lnc‑ZNF730‑1, MEIS1,	 LOC102724301, PABPC1L2B, SLC36A1, SLC4A4, SWAP70,
	 OPN1SW, RHOA, SPIN3, TRIAP1	 ZDHHC20
SW948	 ACSL6, AIFM3, CAMKK1, CERKL, 	 ADM, AMOTL2, ANO1, ARL14, ATP2B4, ATP8B3, CACNB4, CAV1, 
	 CMKLR1, GPR128, KCNMB4,	 CDRT1, CITED2, CPE, CRYGC, CTGF, CXCL1, CYR61, DOCK4,
	 lnc‑C9orf80‑1, lnc‑CILP‑1, lnc‑DERA‑1,	 DOK7, EDN1, EPHA2, GALNT5, GJB3, GNGT2, GPR37L1, GRPR,
	 lnc‑RNF219‑3, LOC102724484,	 GULP1, HDAC5, IL1RN, KCNK9, KRT34, KRTAP1‑5, KRTAP3‑1,
	 LOC729732, NCKAP5, PNLIPRP2,	 LAMA3, LIMCH1, LIMS2, LINC00520, LINC00592, LINC00704,
	 PTPN20B, PTPRO, RHOA, RIIAD1,	 LINC01468, LMO1, lnc‑ACTBL2‑1, lnc‑ANKRD10‑1,
	 SEMA3C, SMPX, SNX22, TAS2R45,	 lnc‑ARFGEF2‑2, lnc‑CEP44‑1, lnc‑COL1A1‑4, lnc‑COX4NB‑1,
	 XLOC_l2_010029	 lnc‑MRP63‑6, lnc‑MYO1D‑1, lnc‑OR10H5‑2, lnc‑PAX4‑1,
	 	 lnc‑RP11‑582J16.5.1‑3, lnc‑RP11‑817J15.3.1‑2, lnc‑SNURF‑3,
	 	 lnc‑YPEL5‑3, LOC101927260, LOC101928620, LOC101928666,
	 	 MAFF, MYL9, NT5DC4, OR1S2, PAG1, PDGFB, PLK2, PPP1R15A,
	 	 PTPRR, PXDN, RGCC, S100A2, SCARA3, SH2D5, SH3RF1,
	 	 SLC1A3, SLC26A9, SLC2A14, SLC2A3, SLC6A20, SPANXA1,
	 	 SPTSSB, SSUH2, TAGLN, TCTEX1D4, TM4SF1, TM4SF1‑AS1,
	 	 TMCC3, TNNC1, UCA1, WBSCR28, WFDC2, WWTR1,
	 	 XLOC_l2_009441
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According to LNCipedia (https://hg19.lncipedia.org; accessed 
2019.1.21), lnc‑DERA‑1 is a non‑coding RNA encoded by a 
gene at chr12:16573561‑16573994, whose function has not 
been uncovered yet. In the gene ontological analysis, small 
molecule metabolic process and oxidation‑reduction process 
were commonly downregulated biological processes in cells 
with the attenuated proliferation, which could be associ‑
ated with in  vitro cell proliferation. Protein kinases play 
a critical role in cell proliferation. Downregulated genes 
encoding protein kinases in cells with attenuated proliferation 
were STK31 in AGS and CAMKK1 in SW948. STK31 is a 
cancer‑associated gene that encodes a serine/threonine protein 
kinase known to play a role in microtubule assembly that is 
necessary for cell cycle progression (19). CAMKK1 encodes 
calcium/calmodulin dependent protein kinase kinase 1 that acti‑
vates calcium/calmodulin dependent protein kinase (CAMK). 
CAMK plays a central role in calcium/calmodulin‑dependent 
signaling cascades implicated in cell survival and carcinogen‑
esis (20). The genes associated with the metabolic process of 
small molecules which were downregulated include CYP26C1 
and SLC26A1 in AGS and ACSL6 and PNLIPRP2 in SW948 
cell lines. CYP26C1 encodes a member of the cytochrome 
P450 superfamily of enzymes, which is involved in several 
processes, including drug metabolism and lipid synthesis 
(Entrez Gene; https://www.ncbi.nlm.nih.gov/gene). SLC26A1 
encodes a sulfate/anion transporter that functions in trans‑
porting of glucose and other sugars, bile salts and organic 
acids, metal ions and cytochrome P450‑arranged by substrate 
type (GeneCards; https://www.genecards.org). ACSL6 encodes 
Acyl‑CoA synthase that catalyzes the formation of acyl‑CoA 
from fatty acids, ATP and CoA (Entrez Gene: https://www.
ncbi.nlm.nih.gov/gene). PNLIPRP2 encodes pancreatic lipase 
that hydrolyzes galactolipids (Entrez Gene; https://www.
ncbi.nlm.nih.gov/gene). The downregulated genes associated 

with oxidation‑reduction included CYP26C1 and AIFM3 in 
the AGS and SW948 cell line, respectively. AIFM3 encodes 
apoptosis inducing factor mitochondria associated 3 that has 
a pyridine nucleotide‑disulfide oxidoreductase domain and 
mediates apoptosis (21). Downregulation of these genes may 
induce metabolic stress. However, the mechanistic relationship 
between the inhibition of RHOA and the altered expression of 
these genes was not evaluated in the present study. Recently, 
one clue potentially associated with the transcriptional 
regulation by RHOA has emerged. Regulation of the actin cyto‑
skeleton by RHOA is associated with nuclear translocation of 
Yes‑associated protein 1 (YAP) and WW‑domain‑containing 
transcription regulator 1 (WWTR1/TAZ) that are known to be 
an important transcriptional regulator (22). Interestingly, the 
transcription analysis in the present study demonstrated that 
WWTR1/TAZ was upregulated after RHOA knockdown in 
SW948, which potentially indicates some negative feedback 
regulations.

One limitation of the present study was that the transcrip‑
tome analyses were not performed for all the cell lines. The 
functional significance of RHOA mutations was not evaluated. 
Further study on the regulation of transcription by RHOA 
including the upregulation of lnc‑DERA‑1 may be needed 
for improved understanding of the mechanism of association 
between RHOA and cell proliferation.
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