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Abstract

Metastatic progression of tumors is driven by genetic alterations and tumor-stroma
interaction. To elucidate the mechanism underlying the oncogene-induced gastric
tumor progression, we have developed an organoid-based model of gastric cancer
from GAstric Neoplasia (GAN) mice, which express Wnt1 and the enzymes COX2 and
microsomal prostaglandin E synthase 1 in the stomach. Both p53 knockout (GAN-
p53K0) organoids and KRASGlZV-expressing GAN-p53KO (GAN-KP) organoids were
generated by genetic manipulation of GAN mouse-derived tumor (GAN wild-type
[WT]) organoids. In contrast with GAN-WT and GAN-p53KO organoids, which mani-
fested Wnt addiction, GAN-KP organoids showed a Wnt-independent phenotype and
the ability to proliferate without formation of a Wnt-regulated three-dimensional epi-
thelial architecture. After transplantation in syngeneic mouse stomach, GAN-p53KO
cells formed only small tumors, whereas GAN-KP cells gave rise to invasive tumors
associated with the development of hypoxia as well as to liver metastasis. Spatial tran-
scriptomics analysis suggested that hypoxia signaling contributes to the metastatic
progression of GAN-KP tumors. In particular, such analysis identified a cluster of stro-
mal cells located at the tumor invasive front that expressed genes related to hypoxia
signaling, angiogenesis, and cell migration. These cells were also positive for phospho-
rylated extracellular signal-regulated kinase (ERK), suggesting that mitogen-activated
protein kinase (MAPK) signaling promotes development of both tumor and microenvi-
ronment. The MEK (MAPK kinase) inhibitor trametinib suppressed the development of
GAN-KP gastric tumors, formation of a hypoxic microenvironment, tumor angiogen-
esis, and liver metastasis. Our findings therefore establish a rationale for application of

trametinib to suppress metastatic progression of KRAS-mutated gastric cancer.
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1 | INTRODUCTION

Gastric cancer manifests highly heterogeneous molecular and histo-
logical features that reflect genetic and epigenetic alterations, and
the existence of such tumor heterogeneity limits the effectiveness
of cancer therapy.l’? The TP53 tumor suppressor gene is the most
commonly mutated gene in human cancers.® Mutations of this gene
have been detected at the early stages of gastric adenocarcinoma
and increase in frequency with tumor progression.4 Mutations of
KRAS have also been identified in many human cancers and result in
constitutive activation of downstream signaling pathways mediated
by phosphatidylinositol 3-kinase (PI3K) and MAPK.> Individuals

512V mutation have a shorter

with gastric cancer harboring the KRA
overall survival compared with those WT for KRAS.”

Wht signaling plays an important role in homeostasis and regen-
eration of epithelial tissues.® Activation of Wnt signaling allows epi-
thelial stem cells to form three-dimensional (3D) epithelial organoids
that recapitulate features of the original tissue architecture in vitro.”°
Gastric organoids derived from gastric epithelial stem cells have there-
fore been established in Wnt-dependent 3D culture.'"*? Recently, the
constitutive activation of Wnt signaling, which promotes self-renewal
of gastric epithelial stem cells, cooperates with chronic inflammation
to induce gastric tumorigenesis, has been confirmed in K19-Wnt1/
C2mE mice (GAN mice), a transgenic model of gastric cancer induced
by simultaneous activation of Wnt and prostaglandin E2 (PGE2) signal-
ing pathways in gastric epithelium.'® However, the gastric tumors that
develop in GAN mouse rarely show local invasion and metastasis, >
indicating that additional genetic or epigenetic events are required for
further progression of the Wnt-induced gastric tumor.

CD44 is a major cell surface marker for cancer stem cells (CSCs)
in gastric cancer.’®> We have previously shown that a splice variant
of CD44 (CD44v) interacts with and stabilizes the glutamate-cystine
transporter xCT, resulting in increased intracellular levels of the
major antioxidant glutathione and rendering cancer cells resistant to
oxidative stress.’® In the GAN mouse, gastric tumors contain abun-
dant CD44v-expressing stemlike tumor cells'” and genetic knock-
out of CD44 markedly suppresses gastric tumor development,'*®
suggesting that the Wnt signaling activation in CD44v-expressing
stemlike tumor cells might be essential for gastric tumorigenesis.

We have now investigated the impact of genetic alterations on
tumor progression using the genetically engineered organoids de-
rived from GAN mice and demonstrated that therapeutic targeting
of MAPK signaling is effective for the suppression of metastatic pro-

gression of KRAS-mutated gastric cancer.

2 | MATERIALS AND METHODS

2.1 | Mice

K19-Wnt1/C2mE transgenic (GAN) mice were generated as de-
scribed previously‘18 C57BL/6J, BALB/c nu/nu, and NOD/SCID
mice (CLEA, Japan) at 4-10 wk of age were used as recipients for
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transplantation of organoid-derived tumor cells. All animal experi-
ments were performed in accordance with protocols approved by

the Ethics Committee of Keio University.

2.2 | GAN mouse-derived tumor organoids and
cell culture

¥ and

Isolation and organoid culture of tumor cells from GAN mice
establishment of GAN-p53KO cell and GAN-KP cells have been de-
scribed previously.?° For tracking these cells in vivo, we introduced
GFP and luciferase reporter vectors into GAN-p53KO cells and the

luciferase reporter vector into GAN-KP cells.

2.3 | Cell proliferation assay

Cells were seeded in 96-well plates (4000 cells per well) and sub-
jected to 2D culture under 5% CO, at 37°C in DMEM) supplemented
with 10% FBS. Cell proliferation was analyzed with the use of a Cell

Titer-Glo 2.0 luminescence-based cell viability assay kit (Promega).

2.4 | Plasmid construction

Complementary DNA for the G12V mutant of human KRAS was
isolated from pGCDN-K-RasG12V-IRES-Kusabira Orange21 and was
subcloned into the retroviral vector pMXs-IRES-GFP. The luciferase
gene (Luc2) was subcloned into the retroviral vector pMXs-IRES-
BSR (encoding a blasticidin resistance gene). Plat-E packaging cells
(Cosmo Bio Co. LTD,) were transfected for 48 or 72 h with the re-
sulting vectors with the use of the FuGene HD reagent (Promega),
after which the retrovirus-containing culture supernatants were

harvested for retroviral infection.

2.5 | Invivo drug treatment

GAN-KP cells (1 x 10° cells per site) were implanted into the gas-
tric wall of athymic nude mice or C57BL6 mice, respectively. The
mice were then assigned randomly to 2 groups for treatment with
trametinib (1 mg/kg per day) by mouth for 21 d.

2.6 | Spatial transcriptomics

Spatial transcriptomics of the stomach transplanted with GAN-KP
cells was performed using the 10x Genomics Visium platform
(Visium, 10x Genomics). For gene ontology (GO) analysis, genes that
were significantly upregulated in cluster 3 compared with the other
clusters were identified and subjected to functional analysis with
Database for Annotation, Visualization and Integrated Discovery
(DAVID) Bioinformatics Resources 6.8 (http://david.abcc.ncifcrf.gov).
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2.7 | Data availability

Microarray and spatial transcriptomics data are available in the Gene
Expression Omnibus (GEO) database under the accession numbers
GSE178087 and GSE186290, respectively. More detailed versions of
methods and additional methodology are included in Supplementary
Methods.

3 | RESULTS

3.1 | Oncogenic alteration of p53 and KRAS
induces a Wnt-independent phenotype in gastric
tumor cells

To study the impact of genetic alterations on gastric tumor pro-
gression, we used p53 knockout (GAN-p53KO) organoids and
KRASC®?V_expressing  GAN-p53KO (GAN-KP) organoids that
were generated by genetic manipulation of GAN mouse-derived
tumor (GAN-WT) organoids (Figure S1A).*¥* The GAN-KP orga-
noids underwent expansion at a markedly faster rate compared
with GAN-WT or GAN-p53KO organoids (Figure S1B). H&E stain-
ing revealed that GAN-WT and GAN-p53KO organoids consisted
mostly of a single-cell layer, whereas GAN-KP organoids devel-
oped as a multilayered mass consisting of cells with morphological
abnormalities of the nucleus (Figure 1A). Furthermore, microar-
ray analysis revealed that the expression of gastric differentia-
tion marker genes22*23 was downregulated in GAN-KP organoids
compared with GAN-WT and GAN-p53KO organoids (Figure 1B).
Collectively, these results implicated that oncogenic alteration of
KRAS and p53 results in the expansion of gastric tumor cells with-
out cell differentiation.

The transfer of 3D-cultured gastric epithelial organoids to
2D cell culture in the presence of serum has been shown to trig-
ger cell differentiation and limit cell proliferation.?* We then sub-
jected GAN-WT, GAN-p53KO, and GAN-KP cells to conventional
2D culture. Neither GAN-WT nor GAN-p53KO cells proliferated
to a substantial extent under the differentiation-inducing 2D cell
culture condition, whereas GAN-KP cells underwent robust pro-
liferation (Figure 1C), suggesting that KRAS activation disrupts an
epithelial polarity of gastric tumor cells and promotes an epithelial-
mesenchymal transition (EMT)-like phenotypic change.

Adult gastrointestinal stem cell-derived organoids rely on the ac-
tivation of Wnt/f-catenin signaling for their propagation and main-
tenance of stemness.” Given that in vitro propagation of GAN-KP
cells did not require 3D organotypic culture (Figure 1C), we investi-
gated the expression of genes related to the Wnt signaling pathway.
Microarray analysis revealed that the expression of Wnt-related
genes?® was markedly attenuated in GAN-KP organoids compared
with GAN-WT or GAN-p53KO organoids (Figure 1D). Furthermore,
the proportion of cells showing localization of p-catenin in the nu-
cleus was also greatly reduced for the GAN-KP organoids (Figure 1E).
Together, these results suggested that Wnt/p-catenin signaling is

less activated in GAN-KP cells compared with GAN-WT and GAN-
p53KO cells.

To further confirm the Wnt-independent phenotype of GAN-KP
cells, we examined the impact of XAV-939, an inhibitor of Wnt/p-
catenin signaling.?® Whereas treatment with XAV-939 resulted in a
significant reduction in the number of organoids formed by GAN-WT
or GAN-p53KO cells, it had no such effect on organoid formation
by GAN-KP cells (Figure 1F), suggesting that the maintenance and
propagation of GAN-KP organoids are promoted by KRAS signaling
independently of Wnt signaling activation.

CD44 expression is differentially regulated by Wnt/p-catenin
signaling 27 and oncogenic RAS.?8 To investigate the role of Wnt sig-
naling in the maintenance of the undifferentiated state of GAN-KP
organoids, we examined the effect of XAV-939 on the gene expres-
sion of a gastric CSC marker CD44. As the Wnt signaling inhibition
by XAV-939 markedly reduced the cell viability of GAN-WT organ-
oids (Figure 1F), we used GAN-p53KO and GAN-KP cells for such
analysis. Whereas treatment with XAV-939 resulted in a significant
decrease in the amount of CD44 mRNA in GAN-p53KO cells, it had
no effect on that in GAN-KP cells (Figure 1G), indicating that CD44
expression in GAN-KP cells is regulated independently of Wnt sig-
naling. We therefore examined the relevance of RAS-MAPK signal-
ing to CD44 expression in GAN-KP cells. The MEK inhibitor U0126
markedly reduced the abundance of CD44 mRNA in GAN-KP cells
(Figure 1G), suggesting that KRAS activation induced a phenotypic
shift from Wnt addiction to Wnt independence and MAPK depen-
dence in GAN mouse-derived tumor cells.

3.2 | GAN-KP cells give rise to invasive and
metastatic gastric tumor

To investigate the behavior of GAN mouse-derived tumor cells
in vivo, we introduced GFP and luciferase reporter vectors into
GAN-p53KO cells and the luciferase reporter vector into GAN-KP
cells (which already expressed GFP) for tracking tumor cells. At
21 d after injection of the manipulated cells into the serous side of
gastric wall of syngeneic mice, bioluminescence imaging with lu-
ciferin revealed that GAN-KP cells gave rise to gastric tumors and
liver metastases, whereas GAN-p53KO cells formed small tumors
that could be detected only in the resected stomach (Figure 2A,B).
Microscopic examination revealed liver metastasis in addition to
the primary gastric tumors in recipients of GAN-KP cells, whereas
mice injected with GAN-p53KO cells did not show metastasis
in the liver. Furthermore, GAN-KP cells underwent lethal intra-
peritoneal metastasis after injecting the cells intraperitoneally,
whereas GAN-p53KO cells did not (Figure S2A,B). Together, these
results suggested that oncogenic KRAS conferred the ability to
undergo invasive growth and metastasis in GAN mouse-derived
tumor cells.

H&E staining and immunohistochemical analysis of GFP revealed
that GAN-p53KO cells gave rise to small tumors that were composed
of well differentiated tubular structures and presented only in the
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FIGURE 1 GAN-KP cells manifest a Wnt-independent phenotype. A, H&E staining of tumor organoids. Right panels show higher
magnification of boxed regions. Scale bars, 50 um. B, Microarray analysis of gastric differentiation marker genes. Data are expressed as
the Z-score and are presented as a heat map. C, Proliferation assay for GAN-WT, GAN-p53KO, and GAN-KP cells. Organoid-derived cells
were subjected to 2D culture in DMEM supplemented with 10% FBS for 24, 48, or 72 h. Data are expressed as relative light units (RLU)
and are means + SD for triplicate wells from a representative experiment. **P < .01 (two-way ANOVA). D, Microarray analysis of the Wnt-
related genes (Wnt target genes and Wnt signaling pathway genes). Data are expressed as the Z-score and are presented as a heat map. E,
Immunohistochemical staining for p-catenin in the tumor organoids (left panels). The boxed regions are shown at higher magnification in
the insets. Scale bars, 50 um. The proportion of cells showing nuclear localization of B-catenin is presented in the pie charts (right panels).
F, Expansion of organoids in the presence of the Wnt signaling inhibitor XAV-939 (50 uM) or dimethyl sulfoxide (DMSO) vehicle. Organoids
with a diameter of 2100 um were counted at 7 d after cell plating. Data are means + SD for triplicate wells of a representative experiment.
*P < .05, **P < .01; NS, not significant (two-way ANOVA). G, Quantitative RT-PCR analysis of CD44 mRNA abundance in GAN-p53KO (left
panel) or GAN-KP (right panel) organoids cultured in the presence of XAV-939 (50 uM), U0126 (10 uM), or DMSO vehicle for 48 h. Data were
normalized by the amount of f-actin mRNA and are means + SD from 3 independent experiments. *P < .05 (Student t test); **P < .01, NS,

not significant (one-way ANOVA)

injected site of gastric submucosa, whereas GAN-KP cells propa-
gated throughout the stomach including the gastric mucosa after
orthotopic transplantation (Figure 2C,D), indicating that GAN-KP
cells were able to invade across the muscularis mucosa, a boundary
between the mucosa and submucosa. Furthermore, unlike GAN-KP
tumor tissue invading the gastric epithelium (GAN-KP-E), GAN-KP
tumor tissue propagating in the submucosa (GAN-KP-S) contained
large areas of necrosis (Figure 2D), suggesting that GAN-KP-S tumor
tissue developed too rapidly for tumor angiogenesis to provide ad-
equate support. Immunohistochemical analysis showed that both
GFP-positive GAN-p53KO and GAN-KP tumor cells had high ex-
pression of CD44v in vivo (Figure 2C,D), suggesting that both these

tumor types contained CD44v-expressing gastric stemlike tumor
cells.

Kaplan-Meier survival analysis revealed that orthotopic injection
of GAN-KP cells markedly shortened the life span of recipient mice,
whereas that of GAN-p53KO cells had no effect on mouse survival
(Figure 2E). Furthermore, injection of GAN-KP cells into immunode-
ficient NOD/SCID mice shortened survival to an even greater extent
compared with the immune competent C57BL/6J mice (Figure 2E).
These results therefore suggested that the syngeneic mouse model
based on the orthotopic transplantation of GAN-KP cells is likely to
prove useful for studies on the progression of advanced gastric can-

cer in the presence of an intact immune system.
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FIGURE 2 GAN-KP cells form invasive and metastatic gastric tumors. A, B, In vivo bioluminescence imaging of C57BL/6J mice at 14
and 21 d after orthotopic injection of GAN-p53KO (A) or GAN-KP (B) organoid-derived cells (1 x 10° per site) into the gastric wall (left).
The macroscopic appearance and ex vivo bioluminescence imaging of the primary lesion and the liver at 21 d after cell injection are also
shown (right in [A], center in [B]). The color scale and associated numbers indicate luminescence intensity level. Arrowheads indicate

metastatic nodules in the liver (B). Inmunohistochemical staining for GFP in liver metastatic tissue is also shown on the right in (B). The

boxed region in the upper panel (scale bar, 500 um) is shown at higher magnification in the lower panel (scale bar, 100 um). C, D, Histology
and immunohistochemical staining for GFP and CD44v in the stomach of syngeneic mice subjected to orthotopic transplantation of GAN-
p53KO (C) or GAN-KP (D) cells (1 x 10° cells per site). Scale bars, 1 mm. The boxed regions are shown at higher magnification in the insets.
Scale bars, 50 um. E, epithelium; N, necrotic region; S, submucosa. E, Kaplan-Meier curves of overall survival for syngeneic C57BL/6J mice

subjected to orthotopic transplantation of GAN-p53KO (n = 9) or GAN-KP (n = 10) cells or for NOD/SCID mice subjected to orthotopic
transplantation of GAN-KP cells (n = 5). The P-values were determined with the log-rank (Mantel-Cox) test

3.3 | Spatial transcriptomics showed hypoxia
signaling is implicated in intratumoral heterogeneity

GAN-KP tumors frequently invaded the normal gastric epithe-
lium after their injection into the stomach wall, resulting in the
development of GAN-KP-E and GAN-KP-S tumor tissue in the
mucosal lamina propria and submucosa, respectively (Figure 3A).
Immunohistochemical analysis of GFP revealed that GAN-KP-E cells
manifested collective invasion, a feature of epithelial-type cancer,
whereas GAN-KP-S cells showed a single-cell invasion pattern, a fea-
ture of mesenchymal-type cancer?’ (Figure 3A), suggesting that the
tumor microenvironment in the gastric mucosa and that in the sub-
mucosa have opposite effects on the EMT status of GAN-KP tumors.

To uncover the molecular mechanism underlying the intratu-
moral heterogeneity of GAN-KP tumors that manifests as GAN-KP-E

and GAN-KP-S tumor tissue, we performed spatial transcriptomics,
which allows characterization of the spatial topography of gene ex-
pression.>%3! Such analysis allowed classification of the GAN-KP
tumor cell population into 7 clusters, with high expression levels of
Epcam (epithelial cell adhesion molecule) and Cd44, genes that are
highly expressed in GAN-KP cells, identifying cluster 2 as a tumor
cell population (Figure 3B, C). Furthermore, comparison between
GAN-KP-E tumor tissue and adjacent GAN-KP-S tumor tissue within
cluster 2 (Figure 3D) revealed that GAN-KP-S tumor cells expressed
genes related to hypoxia, angiogenesis, and EMT at a higher level
(Figure 3E). Given that the formation of GAN-KP-E tumor tissue is a
consequence of the invasion of GAN-KP-S tumor cells into the gas-
tric epithelium after injection of GAN-KP cells into gastric submu-
cosa, these results suggested that the spatial topography of tumors
influences intracellular signaling in the tumor cells.
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FIGURE 3 Spatial topography impacts intratumoral heterogeneity. A, H&E staining (upper left panel) and immunohistochemical staining
of GFP (upper right panel) for the stomach of a C57BL/6J mouse subjected to orthotopic transplantation of GAN-KP cells (1 x 10° cells

per site). Scale bars, 500 um. E, epithelium-invading GAN-KP-E cells; S, submucosa-invading GAN-KP-S cells. Lower panels show higher
magnification of boxed regions in the upper right panel. Scale bars, 100 um. B, Visualization of the results for spatial gene expression analysis
of a GAN-KP tumor. H&E staining (upper panel) and graph-based clustering (lower panel) are shown. Scale bar, 1 mm. C, Violin plots for
Epcam and Cd44 transcript abundance in the clusters. Most GAN-KP tumor cells are classified as cluster 2, which shows high expression of
both Epcam and Cd44 genes. D, Spatial transcriptomics of GAN-KP-E and GAN-KP-S tumor tissue. E, Gene set enrichment analysis (GSEA)
of differentially expressed genes in GAN-KP-S vs GAN-KP-E was performed for hallmark collection gene sets (HALLMARK_HYPOXIA,
HALLMARK_ANGIOGENESIS, and HALLMARK_EPITHELIAL_MESENCHYMAL_TRANSITION) downloaded from MSigDB (https://www.
gsea-msigdb.org/gsea/msigdb/genesets.jsp). FDR, false discovery rate. F, Imnmunofluorescence staining of GFP (green) and pimonidazole
(red) in the stomach of C57BL/6J mice at 7 and 21 d after orthotopic injection of GAN-KP cells (1 x 10° cells per site). Nuclei were stained
with DAPI (blue). White rectangles indicate GAN-KP-E tumor tissue, with the white lines marking the boundary between the gastric mucosa

and submucosa. Scale bars, 500 um

Hypoxia activates angiogenic pathways as well as the induc-
tion of EMT that leads to invasion and metastasis.??*3 To examine
whether GAN-KP cells possess an ability to give rise to hypoxic
microenvironment, we stained the GAN-KP tumor with a hypoxia
probe pimonidazole. Immunofluorescence-based visualization of
pimonidazole revealed hypoxia in the central region of GAN-KP-S
tumor tissue at 7 d after cell transplantation and that this hypoxic
area had extended from the central to the peripheral region of the
tumor tissue at 21 d (Figure 3F). Collectively, these results sug-
gested that GAN-KP tumors develop hypoxic microenvironment
and thereby exhibit aggressive behaviors including angiogenesis

and an EMT-like phenotype leading to metastasis.

3.4 | Trametinib suppresses hypoxia-promoted
metastatic propagation of GAN-KP tumors

To investigate the functional relevance of MAPK signaling to metastatic
tumor progression, we examined the phosphorylation status of ERK.
The abundance of phosphorylated ERK (p-ERK) was increased in both
stromal cells and tumor cells located at the invasive front of GAN-KP
tumors (Figures 4A and S3A), suggesting that MAPK might play roles
not only in tumor cells but also stromal cells at the invasion front.

To examine the tumor-stroma interaction at the invasive front of
GAN-KP tumors, we analyzed cluster 3 identified in our spatial tran-

scriptomics, which contains the p-ERK-positive stromal cells at the
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invasive front of GAN-KP tumors (Figure 4B). GO analysis revealed
that the stromal cells in cluster 3 manifested activation of genes re-
lated to cell adhesion, cell migration, angiogenesis, chemotaxis, and re-
sponse to hypoxia relative to the other clusters (Figure 4B), suggesting
that these p-ERK-positive stromal cells might contribute to the forma-
tion of the tumor-promoting stroma. The activation of individual genes
related to angiogenesis, hypoxia signaling, and chemotaxis in stromal
cells of cluster 3 was confirmed by visualization of their expression in
spatial heat maps (Figure S3B). The stromal cells at the invasive front of
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GAN-KP tumors also expressed HIF1a and the angiogenesis markers
VEGFA and CD31 (Figure 4C), suggesting that the activation of MAPK
signaling in stromal cell might act synergistically with hypoxia signaling
to support formation of a tumor-promoting microenvironment.

To investigate the potential of MAPK to serve as a therapeutic
target for KRAS-mutated gastric cancer with large areas of hypoxic
tissue, we examined the effects of the MEK inhibitor trametinib.343°
Administration of trametinib significantly inhibited the formation
of gastric tumors after syngeneic transplantation of GAN-KP cells
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FIGURE 4 Trametinib suppresses hypoxia-promoted progression of GAN-KP tumor. A, Immunohistochemical staining of CD44v (upper
left panel) and p-ERK (upper right panel) in the stomach of a C57BL/6J mouse subjected to orthotopic transplantation of GAN-KP cells

(1 x 10° cells per site). Scale bars, 200 um. The boxed regions in the upper panels are shown at higher magnification in the lower panels.
Arrowheads indicate p-ERK-positive stromal cells. Scale bars, 50 um. B, Spatial transcriptomics of cluster 3 as in Figure 3B (left) as well

as GO functional analysis of genes that were highly expressed in cluster 3 relative to the other 6 clusters (right). C, Immunohistochemical
staining of GFP, HIF1«, VEGFA, and CD31 in GAN-KP tumors as in (A). Scale bars, 100 um. D, Effect of trametinib treatment on gastric
tumors formed by GAN-KP cells (1 x 10° cells per site) after orthotopic transplantation into C57BL/6J mice. In vivo bioluminescence imaging
of mice treated with trametinib or control (CTRL) was performed at 7 and 21 d after cell injection (left), and the luminescence intensity for
the stomach on d 21 was quantified as mean + SD values for 5 mice (right). *P < .05 (Student t test). E, Effect of trametinib treatment on liver
metastasis in BALB/c nu/nu mice after orthotopic transplantation of GAN-KP cells (1 x 10° cells per site). In vivo bioluminescence imaging
was performed at 21 d after cell injection (left), and the luminescence intensity for the liver was quantified (right). Data were means + SD for
4 mice. *P < .05 (Student t test). F, Immunohistochemical staining of GFP, p-ERK, VEGFA, CA9, and PLOD2 in GAN-KP orthotopic tumors
formed in C57BL/6J mice at 21 d after cell injection and treatment with trametinib or vehicle. Scale bars, 200 um. G, Immunohistochemical
staining of GFP and CD44yv in tumors of mice as in (F). Scale bars, 100 um. H, Immunofluorescence staining of CD31 (green) in tumors of
mice as in (F). Nuclei were stained with DAPI (blue). Scale bars, 100 um. |, Immunoblot analysis of p-ERK, total ERK, HIF1a, and B-actin
(loading control) in GAN-KP cells cultured under the 2D condition for 18 h in the presence of the indicated concentrations of trametinib

and then either maintained under the normoxic condition or exposed to hypoxia (1% O,) for 6 h in the continued absence or presence of
trametinib. The HIF1la/B-actin band intensity ratio relative to the corresponding value for control (normoxia, w/o trametinib) are shown

(lower panel)
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(Figure 4D). Furthermore, trametinib completely suppressed liver
metastasis of GAN-KP cells in immunodeficient nude mice, in which
such metastasis occurs more frequently than in syngeneic mice
(Figure 4E). These results therefore implicated MAPK signaling in
the metastatic propagation of KRAS-mutated gastric tumor cells.

To examine whether MEK inhibition by trametinib affects formation
of a hypoxic microenvironment in the stomach, we performed immu-
nohistochemical analysis. The abundance of p-ERK as well as of the
hypoxia-inducible proteins VEGFA, carbonic anhydrase 9 (CA9), and
procollagen-lysine, 2-oxoglutarate 5-dioxygenase 2 (PLOD2) in stromal
cells at the invasive front of GAN-KP gastric tumors was markedly re-
duced by trametinib administration (Figure 4F). Furthermore, the ex-
pression of CD44v in tumor cells (Figure 4G), as well as the number of
CD31-positive vascular cells (Figure 4H) at the invasive front of GAN-KP
tumors, were also attenuated by trametinib treatment, suggesting that
MEK inhibition limited both the expansion of CD44v-expressing CSCs
and the formation of a tumor-promoting microenvironment.

To determine whether MAPK signaling promoted HIF1 signaling,
we exposed GAN-KP cells in 2D culture to normoxic or hypoxic (1%

(A)

WNT signature

il MAPK pathway
¥ activity signature
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O,) conditions. The hypoxia-induced HIFla stabilization was inhib-
ited by trametinib in a concentration-dependent manner (Figure 41),
suggesting that MEK plays a role in the cellular adaptation to hypoxia
by promoting HIF1a stabilization.

3.5 | MAPK and hypoxia signaling are implicated
in the Wnt-independent progression of KRAS-
mutated gastric cancer

To verify the impact of KRAS mutation on the phenotype of gastric
cancer, we analyzed expression of a Wnt signaling pathway gene
signature (KEGG_WNT_SIGNALING_PATHWAY) in the histologi-
cally defined human gastric adenocarcinoma specimens (n = 177) in
The Cancer Genome Atlas (TCGA). The tumor samples were classi-
fied into high (Wnt-high) and low (Wnt-low) expression subgroups
(Figure 5A), and most tumors harboring an activating mutation
of KRAS (12 out of 13) were found to be present in the Wnt-low

subgroup. Indeed, there was a statistically significant association
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FIGURE 5 Gastric tumors with KRAS mutation or HER2 amplification manifest reduced expression of Wnt signaling-related genes. A,
Hierarchical clustering of differentially expressed genes related to Wnt signaling (KEGG_WNT_SIGNALING_PATHWAY) and a heat map for
expression of 10 MAPK pathway activity-related genes and 26 hypoxia signature genes in the histologically defined tumors of TCGA data
set (n = 177). Tumors positive for mutations (mt) of KRAS or TP53 or for amplification (amp) of HER2 as well as histological classification of
the tumors are also indicated. B, The association of Wnt phenotype with KRAS mutation, TP53 mutation, and HER2 amplification. Statistical
significance was determined with Fisher exact test. C, Schematic representation of the phenotypic shift from Wnt addiction to Wnt
independence of KRAS-mutated tumor cells and hypoxia-promoted metastasis. ECM, extracellular matrix
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between KRAS mutation and the Wnt-low phenotype, whereas no
such association was apparent between TP53 mutation and Wnt
subgroups (Figure 5B), suggesting that activation of oncogenic
KRAS signaling might promote gastric tumor progression in a Wnt-
independent manner. Furthermore, amplification of HER2 was also
significantly associated with the Wnt-low phenotype (Figure 5A,B),
suggesting that activation of MAPK signaling by KRAS mutation or
HER2 amplification promotes the development of gastric cancerin a
manner independent of Wnt signaling activation.

Finally, we examined the relation of KRAS mutation to expression

3637 or hypoxia.®’

of gene signatures for MAPK pathway activation
Gastric tumors with the Wnt-low phenotype, including most of
the KRAS-mutated tumors, manifested higher expression of the
MAPK pathway activation-related genes and hypoxia-related genes
compared with Wnt-high tumors (Figure 5A), suggesting that Wnt-
independent tumors positive for mutated KRAS tended to develop a
hypoxic microenvironment and to progress in a manner dependent
on crosstalk between MAPK and the hypoxia signaling pathways

(Figure 5C).

4 | DISCUSSION

In the present study, we have now demonstrated that metastatic
progression of GAN-KP tumor is dependent on both genetic altera-
tions and the tumor microenvironment, and that hypoxia may play a
key role in the Wnt-independent and MAPK-dependent progression
of KRAS-driven gastric cancer.

Spatial transcriptomics is a method for spatial profiling of the
transcriptome of cells within tissues.’%%! In the present study, we
applied this method to examine differences in intracellular signal-
ing that might contribute to the GAN-KP tumor progression. The
submucosa-invading GAN-KP-S tumor cells expressed genes related
to hypoxia signaling as well as to the hypoxia-associated processes
of angiogenesis and EMT at a high level compared with the gastric
epithelium-invading GAN-KP-E cells. Hypoxia develops in a highly
proliferating mass of tumor cells that outgrows the tumor vascula-
ture®® and the resulting activation of hypoxia signaling contributes
to the progression of cancers through activation of proliferative and
angiogenic pathways, the induction of EMT, and the promotion of
metastasis and immune evasion.’>%3%? |t is possible that hypoxia-
induced EMT confers a mesenchymal trait that allows GAN-KP
tumor cells to propagate more quickly in submucosa. EMT has been
identified as one of the features associated with poorly differen-
tiated histology and poor outcome in human gastric cancer.*0#
Moreover, oncogenic transformation by KRAS mutation often oc-
curs concomitantly with the induction of EMT in epithelial cells,*?**
suggesting that induction of the EMT program by KRAS signaling
might be further enhanced by hypoxia. Furthermore, we showed
that p-ERK, a marker of MAPK signaling activation, was expressed
not only in GAN-KP tumor cells but also in stromal cells located at
the invasive front. Such p-ERK-positive stromal cells preferentially
expressed the genes associated with angiogenesis, extracellular

matrix organization, and hypoxia signaling. These results suggested
that MAPK signaling plays a key role in the tumor-stroma interac-
tion under hypoxia. In the present study, we demonstrated that the
administration of trametinib, an inhibitor of MEK1 and MEK2 activ-
ity, 3435

gastric tumors. The GAN-KP tumor tissue of mouse treated with

inhibited the propagation and liver metastasis of GAN-KP

trametinib manifested a reduced abundance of p-ERK and CD44yv,
as well as of VEGFA and CA9, both of which are the products of
HIFla target genes. Furthermore, trametinib markedly attenuated
the stabilization of HIF1a in GAN-KP cells exposed to hypoxia in
vitro. Together, these results implicated MAPK signaling in the main-
tenance of undifferentiated gastric tumor cells and in the activation
of HIF1la-mediated hypoxia signaling.

Consistent with our results obtained with the GAN-KP model,
the analysis of TCGA data set revealed that gastric tumors positive
for mutated KRAS or HER2 amplification, but not those with TP53
mutations, manifested low expression of Wnt signature genes and
high expression of a hypoxia-related gene signature, implicating
that hypoxia signaling promotes Wnt-independent gastric cancer
progression. Overall, our results suggested that hypoxia and MAPK
signaling may play key roles in a Wnt-independent progression
and trametinib might be effective for the suppression of hypoxia-
promoted tumor-stroma interaction that leads to metastatic pro-
gression of KRAS-mutated gastric cancer.
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