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Abstract

Background: RAS homolog family member A (RhoA), a member of the Rho family of small GTPases, and Vavl, a guanine nucle-
otide exchange factor for Rho family GTPases, have been reported to activate pathways related to the actin cytoskeleton and
regulation of cell shape, attachment, and motility. The interaction between these molecules in lymphoma is involved in malignant
signaling, but its function in epithelial malignancy is unknown. Here, we investigated the malignant signal of mutant RhoA in gastric
cancer and demonstrated the potential of RhoA GI7E/Vav| as a therapeutic target for diffuse gastric cancer. Methods: The RhoA
mutants R5W, G17E, and Y42C were retrovirally transduced into the gastric cancer cell line MKN74. The stably transduced cells
were used for morphology, proliferation, and migration/invasion assays in vitro. MKN74 cells stably transduced with ectopic wild-
type RhoA and mutant RhoA (GI7E) were used in a peritoneal xenograft assay. Results: The RhoA mutations GI7E and Y42C
induced morphological changes in MKN74. GI7E induced Vavl expression at the mRNA and protein levels and promoted the
migration and invasion of MKN74. An RNA interference assay of Vav| revealed that RhoA GI7E enhanced cancer cell invasion via
Vavl. Furthermore, immunoprecipitation revealed that Vavl and RhoA GI7E specifically bind and function together through
matrix metalloproteinase —9. In a peritoneal xenograft model of nude mice, RhoA GI7E promoted peritoneal dissemination,
whereas Vavl knockdown suppressed it. Conclusion: Overall, our findings indicate that RhoA GI7E is associated with Vavl
and promoted cancer invasion via matrix metalloproteinase —9 in gastric cancer cells. Thus, RhoA GI7E/Vav| signaling in diffuse
gastric cancer may be a useful therapeutic target.
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Figure 1. RhoA mutations induced morphological changes in MKN74 cells. (A) RhoA mRNA expression of MKN74 cells transduced with
RhoA wild type or RhoA mutants, RhoA R5W, G17E, and Y42C, as determined by real-time PCR (N =35). (B) RhoA protein expression in
MKN74 cells transduced with a vector containing RhoA mutants by western blot analysis. GAPDH was used as an internal control.

(C) Morphological changes in MKN74 cells transduced with a vector containing RhoA mutants (original magnification x400, Scale bar = 50 um).

(D) Proliferation of these cells after 96 h of culture (N=4). *P<0.05.

RhoA GI7E Positively Regulated the Expression of VAV
in the Human Gastric Cancer Cell Line MKN45 and the
Human Leukemia Cell Line Jurkat, as well as MKN74

Retroviral gene transduction of RhoA wild type and G17E into
other human gastric cancer cell line MKN45 and human T-cell
leukemia cell line Jurkat was performed with pDon5 Neo
vectors. Real-time PCR analysis showed that gene transfer of
RhoA GI17E into the gastric cancer cell line MKN45 signifi-
cantly increased the mRNA expression of Vavl
(Figure S2A). This result was consistent with MKN45, but
the increase in protein expression could not be detected by
Western blotting (Figure S2B). The invasion assay of
MKN45 cells showed no significant difference between RhoA
wild type and G17E (Figure S2C). On the other hand, in
Jurkat, gene transfer of RhoA G17E increased the expression
of VAV] mRNA and protein (Figure S2D, S2E).

RhoA/Rho-Associated Protein Kinase (ROCK) Signaling
Pathway did not Contribute to RhoA G| 7E-Mediated
Cancer Migration and Invasion

We evaluated how the signals of the RhoA/ROCK-cofilin-actin
pathway are regulated by RhoA mutations. As expected, trans-
fer of RhoA G17E and RhoA Y42C induced the expression of
ROCK and phosphorylated cofilin proteins (Figure 3A); a
ROCK inhibitor, Y-27632, suppressed the G17E-induced phos-
phorylation (Figure 3B). To confirm that phosphorylated cofilin
(inactive form) was involved in the G17E-mediated migration
and invasion, migration and invasion assays using a transwell
system were performed after the administration of Y-27632.
Unexpectedly, cell migration was promoted by Y-27632
(Figure 3C). Cell invasion was promoted for RhoA wild-type
cells but remained unchanged for RhoA Gl7E-containing
cells (Figure 3D). We speculated that pathways other than the
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Figure 2. RhoA G17E mutation promoted migration and invasion of MKN74 cells. (A) Transwell assays showed that RhoA G17E significantly
enhanced the migration of MKN74 cells (V=4). (B) Matrigel-coated transwell assays showed that RhoA GI17E significantly promoted the
invasion of MKN74 cells (V=4). (C) Real-time PCR showed that the expression level of E-cadherin was significantly lower in cells containing

the G17E mutant (N=35). *P<0.05.

ROCK/cofilin pathway are involved in RhoA G17E-mediated
cell migration and invasion.

RhoA G I 7E Induced Vav| Expression and Contributed to
Cancer Invasion

To investigate the mechanism of RhoA G17E-mediated cancer
invasion, we focused on Vavl, based on a previous report on
angioimmunoblastic T-cell lymphoma.'? Real-time PCR revealed
that Vavl mRNA expression was significantly increased in RhoA
G17E-containing cells (Figure 4A), and western blotting showed
a significant elevation of Vavl in cells with RhoA GI17E and
RhoA Y42C (Figure 4B). We hypothesized that RhoA G17E reg-
ulated cancer cell migration and invasion through Vavl; to

examine this, we performed Vavl RNA interference. Vavl was
retrovirally knocked down by an shRNA in MKN74 cells; the
efficiency of knockdown was confirmed by real-time PCR
(Figure 4C) and western blotting (Figure 4D). The increase in
G17E-containing migrating cells was reduced by Vavl knock-
down but not significantly (Figure 4E). In contrast, the increase
in infiltrating cells containing RhoA GI7E was significantly
reduced by Vavl knockdown (Figure 4F).

RhoA GI7E and Active Vavl Interacted Through Direct
Binding in MKN74 Cells

Fujisawa ef al.'? reported that RhoAG17V binds and interacts
with VAV via the DH domain in angioimmunoblastic T-cell
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Figure 3. Introduction of RhoA mutations activated the ROCK signaling pathway, whereas inhibition of the ROCK signaling pathway
unexpectedly enhanced cell motility. (A) Protein expression of the RhoA-ROCK signaling pathway in MKN74 cells transduced with a vector
containing RhoA mutants. Transduction of the RhoA G17E and Y42C mutant-containing vector enhanced the expression of ROCK and
phosphorylated cofilin proteins (N=4). (B) The ROCK inhibitor, Y-27632, suppressed the RhoA G17E-induced phosphorylation of cofilin in a
concentration-dependent manner (N=4). (C) Migration and invasion assays of MKN74 cells transduced with RhoA WT and the RhoA G17E
mutant using a transwell system with 10 uM Y-27632 (N =4). Inhibition of the ROCK signaling pathway unexpectedly enhanced cell motility in
both RhoA WT- and RhoA G17E-containing cells. (D) Invasion assays of MKN74 cells transduced with a RhoA WT- or RhoA G17E
mutant-containing vector using a Matrigel-coated transwell system with 10 gM Y-27632 (N=4). Cell invasion was promoted significantly in
cells with RhoA WT but was not significantly changed in cells with the RhoA G17E mutant (N=4). *P<0.05.

lymphoma cells, and we believed that RhoA G17E has asimilar  RhoA G| 7E-Vav! Signaling Pathway Induced Cancer
interaction mechanism}. To confirm the interaction qf ‘RhoA Invasion via MMP-9

GI17E and Vavl, we introduced RhoA GI7E, containing an
N-terminal FLAG tag, into MKN74 cells and performed a pull-
down assay. RhoA with an N-terminal FLAG tag was immuno-
precipitated with an anti-FLAG antibody conjugated to agarose expression of ROCK and phosphorylated cofilin, which is reg-
beads, after which phosphorylated Vavl expression was ulatory molecules in the RhoA-ROCK pathway, were not
detected by western blotting. Phosphorylated Vav1 was specif- changed, as observed by western blotting, even after Vavl
ically immunoprecipitated with RhoA G17E but not with RhoA  knockdown (Figure 5B). As RhoAG17E/Vavl signaling was
WT (Figure 5A). found to regulate cancer cell invasion rather than migration,

Next, we investigated how RhoA G17E-mediated induction of
Vavl expression affects downstream effector molecules. The
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Figure 4. Rhoa G17E induced Vavl expression and contributed to the invasion of MKN74 cells. (A) Vavl mRNA expression in MKN74 cells
transduced with a vector containing a RhoA mutant (N=35). Real-time PCR revealed that Vavl mRNA expression was significantly increased in
cells with the RhoA G17E mutant. (B) Vavl protein expression of MKN74 cells transduced with a vector containing mutant RhoA. GAPDH was
used as an internal control. Western blotting showed a significant elevation of Vavl and phosphorylated Vavl in cells with RhoA G17E and
Y42C mutants. (C) and (D) Vav1 was retrovirally knocked down by Vavl shRNA, and its expression was compared with that in cells transfected
with scramble shRNA in MKN74 cells transduced with the RhoA G17E mutant by real-time PCR and western blotting. (E) Migration assays of
cells containing the RhoA G17E mutant with Vavl shRNA and scrambled control shRNA (N =4). The increased migration of cells with RhoA
GI17E was reduced by Vav1 knockdown but not significantly. (F) Invasion assays of MKN74 cells were transduced with a vector containing the
RhoA G17E mutant and treated with Vavl shRNA and scrambled control shRNA (N = 4). Increased infiltration of cells transduced with the RhoA
G17E mutant was significantly reduced by Vavl knockdown. *P<0.05.

we focused on MMPs, which are known to degrade the extra-
cellular matrix to regulate cancer invasion. According to

Vavl. Unexpectedly, the expression of p-p38MAPK was
reduced in RhoA GI17E-containing cells compared to that in

gelatin  zymography, MMP-9 expression was elevated by
RhoA GI17E transduction; this effect was abolished by knock-
down of Vavl. In contrast, MMP-2 showed no change in
expression upon RhoA GI7E transduction (Figure 5C). We
further investigated the expression of SEK, JNK, and
p38MAPK proteins, which are downstream regulators of

WT cells; knockdown of Vavl did not affect this reduction
(Figure 5D). On the other hand, expression of p-SEK and
p-JNK was not significantly altered by RhoA G17E gene trans-
fer and Vavl knockdown. Unfortunately, we were unable to
identify the key molecules regulating the RhoA G17E-Vavl
signal associated with MMP-9,
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Figure 6. Vavl promoted the formation of peritoneal disseminated nodules in vivo. (A) Number of peritoneal disseminated nodules after
intraperitoneal administration of RhoA WT (N=4) and RhoA G17E mutant (N=4). Arrows indicate peritoneal disseminated nodules. The
number of intraperitoneal nodules was significantly higher in mice injected with RhoA G17E-containing vector-transduced cells than in cells
transduced with a vector containing WT RhoA. (B) Number of peritoneal disseminated nodules after intraperitoneal administration of RhoA
G17E mutant-containing vector-transduced cells with Vavl shRNA or scrambled control shRNA. The number of peritoneal nodules in RhoA
G17E mutant-containing vector-transduced cells with Vavl knockdown (N=4) was greatly reduced compared to that in RhoA G17E
mutant-containing vector-transduced cells without Vavl knockdown (scramble shRNA) (N=4). *P<0.05.

Discussion

Diffuse gastric cancer is common in young women, tends to
metastasize to the peritoneum, and has a poor prognosis.
Although the clinical features of this cancer clearly differ
from those of other gastric cancers, the treatment strategies
for diffuse gastric cancer are similar. Here, we focused on
RhoA mutations in diffuse gastric cancer, because a series of
studies revealed a high frequency of RhoA mutations in this
cancer.”” In in vitro assays, overexpression of RhoA com-
monly promotes the proliferation and motility of cancer
cells'**?! and is associated with poor prognosis.”? In contrast,
recent studies have shown that the inactivation of RhoA pro-
moted colorectal cancer.”> RhoA can promote or suppress the
malignant phenotype depending on the cells and conditions.
We introduced the most frequent RhoA mutants in gastric
cancer, RSW, G17E, and Y42C based on the previous study.”
Distinct morphological changes were observed in MKN74
cells transduced with RhoA GI7E and RhoA Y42C.
Particularly, a spindle shape and sharp edges were obviously
observed in cells containing RhoA GI7E and to a lesser
extent in cells containing RhoA Y42C. Our in vitro experiments
showed that the RhoA mutants did not alter cell proliferation,
but RhoA G17E promoted cancer cell migration and invasion
in vitro. We initially hypothesized that the G17E-mediated

morphological changes and enhancement of migration and
invasion may have been due to epithelial mesenchymal transi-
tion, although epithelial mesenchymal transition markers,
such as snail and slug, showed no changes in expression.
RhoA G17E mutations are rare in gastric cancer, accounting
for only 3% of cases, but with the spread of genetic mutation
profiling tests, the number of gastric cancer patients in whom
GI17E mutations are found is expected to increase. We have
shown that RhoA G17E promotes gastric cancer cell migration
and invasion via VAV] and MMP9. Since VAV is strongly
implicated in cancer prognosis and is a promising therapeutic
target, we believe that further studies on RhoA mutations and
VAV function are warranted.

We further examined signal changes in the RhoA-ROCK
pathway mediated by RhoA mutations. The expression of phos-
phorylated cofilin, a downstream regulator of the RhoA-ROCK
pathway, was increased by transduction of the RhoA GI7E
mutant. However, unexpectedly, the ROCK inhibitor did not
suppress but rather enhanced RhoA GI17E mutant-mediated
migration and invasion of gastric cancer cells. This indicates
that the RhoA-ROCK signaling pathway was not involved in
G17E mutant-mediated cancer migration and invasion and
other molecules and pathways may regulate migration and
invasion.



Nakamura et al

According to the Human Protein ATLAS database (https:/
www.proteinatlas.org/), Vavl is highly expressed as protein
and mRNA in bone marrow and lymphoid tissue, but protein
expression in the gastrointestinal tract is low and its clinical
significance in gastric cancer is unknown. According to its
database, VAV is expressed at the mRNA level in normal
tissues of the gastrointestinal tract, consistent with the
results of this study. Vavl mRNA transcription is strongly
induced under cancer-specific circumstances, suggesting that
Vavl may be involved in the carcinogenesis and progression
of some epithelial cancers, but further investigation is
needed.

Patients with angioimmunoblastic T-cell lymphoma, a
subtype of T-cell lymphoma, frequently show RhoA mutations,
mainly the G17 mutation, and it was recently reported that the
RhoA GI17 mutant is associated with Vavl in this
disease.'***%* Vav1 is a member of the Rho guanine nucleotide
exchange factor family and is specifically expressed in hemato-
poietic cells.”® High expression of Vavl is associated with a
poor prognosis in various carcinomas, including gastric
cancer. In pancreatic and lung cancer, cell proliferation is pro-
moted by Vavl,'"*'® and Vavl promotes cell migration and
matrix degradation through Rac and Cdc42 signaling in pancre-
atic cancer.'* However, in breast cancer, Vav1 was reported to
suppress Akt and negatively regulate the malignant pheno-
type.”’ Thus, like RhoA, Vav1 may function as a double-edged
sword, supporting tumorigenesis and tumor progression,
depending on the tumor type and condition.”® In this study,
although the expression of Vavl in MKN74 cells could not
be detected under normal culture conditions, the expression
of both RhoA mRNA and protein became detectable only
after transduction of RhoA G17E and Y42C. We hypothesized
that the RhoA G17E mutant-mediated enhancement of MKN74
cell invasion and migration was mediated by Vavl. As
expected, the enhanced MKN74 cell invasion mediated by the
RhoA G17E mutant was obviously suppressed by Vavl knock-
down. In contrast, the knockdown of Vav1 did not significantly
suppress G17E mutant-enhanced MKN74 cell migration. Only
MKN74 cell invasion induced by the RhoA G17E mutant was
demonstrated to be Vavl-mediated; Vav1-mediation of RhoA
G17E mutant-induced migration could not be demonstrated.
We further investigated the mechanism of RhoA GI17E/
Vavl-mediated cancer invasion. Expression of MKK4/SEK,
p38MAPK, and INK proteins, which are downstream effector
molecules of Vavl, showed lower expression in cells with
RhoA GI7E than in wild-type cells.

Degradation of the extracellular matrix around cancer cells
and in the vascular basement membrane is essential for
cancer invasion and metastasis. Twenty-three MMPs have
been identified, and in particular, MMP-2 and MMP-9, which
are capable of degrading collagen IV, a component of the base-
ment membrane, have been reported to be involved in invasive
metastasis in many cancers. We could not identify the effector
molecules of Vavl for RhoA GI7E/Vavl-mediated cancer
invasion in MKN74 cells, but MMPs, which are considered
as the main factors affecting the invasion of cancer cells,

were examined. Vavl enhanced MKN74 cell invasion via
MMP-9 but not via MMP-2. The details of the pathway con-
necting MMP-9 to Vavl require further analysis. This study
is of great significance because it is the first to reveal cancer
migration and invasion through RhoA G17E-Vavl signaling
via MMP-9 in gastric cancer.

In the xenograft model of peritoneal dissemination, the
RhoA GI7E mutant promoted peritoneal dissemination, and
tumor formation was remarkably suppressed by knockdown
of VAVI. This result indicates that RhoA GI7E and Vavl
can be used as therapeutic targets for diffuse gastric cancer.
Finally, upon examination of clinical specimens of gastric
cancer, Vavl expression was found to be significantly higher
in diffuse gastric cancer and was found to be a poor prognostic
factor. We did not measure the expression levels of the RhoA
mutants in gastric cancer, which is a major limitation of this
study. Furthermore, how RhoA G17E, Vavl, and MMP-9 inter-
act and function has not been verified in this study, and further
research is needed. However, our results strongly suggest that
the RhoA G17E mutant, Vavl, and related molecules can func-
tion as therapeutic targets for diffuse gastric cancer.

Conclusion

The RhoA GI17E mutant induced Vavl and enhanced cancer
invasion via MMP-9 in gastric cancer cells. RhoA GI7E/
Vavl promotes peritoneal dissemination and may be a useful
therapeutic target for diffuse gastric cancer.
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