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Interaction between tumor cells and stromal cells plays an important role in the
growth and metastasis of colon cancer. We previously found that carcinoma-asso-
ciated fibroblasts (CAFs) expressed platelet-derived growth factor receptor-f
(PDGFR-B) and that PDGFR targeted therapy using imatinib or nilotinib inhibited
stromal reaction. Bone marrow-derived mesenchymal stem cells (MSCs) migrate
to tumor stroma and differentiate into CAFs. A novel oral multikinase inhibitor
regorafenib inhibits receptor tyrosine kinases expressed on stromal cells (vascular
endothelial growth factor receptor 1-3, TIE2, PDGFR-p, and fibroblast growth fac-
tors) and tumor cells (c-KIT, RET, and BRAF). These molecules are involved in
tumor growth, angiogenesis, lymphangiogenesis, and stromal activation. There-
fore, we examined whether regorafenib impaired the tumor-promoting effect of
CAFs/MSCs. KM12SM human colon cancer cells alone or KM12SM cells with MSCs
were transplanted into the cecal wall of nude mice. Co-implantation of KM12SM
cells with MSCs into the cecal wall of nude mice produced tumors with abundant
stromal component and promoted tumor growth and lymph node metastasis.
Single treatment with regorafenib inhibited tumor growth and metastasis by
inhibiting both tumor cells and stromal reaction. This tumor-inhibitory effect of
regorafenib was more obvious in tumors developed by co-implanting KM12SM
cells with MSCs. Our data suggested that targeting of the tumor microenviron-
ment with regorafenib affected tumor cell-MSC interaction, which in turn inhib-
ited the growth and metastasis of colon cancer.

olorectal cancer is the third most common cancer and a

major cause of mortality worldwide."” Recent improve-
ments in surgery and chemotherapy have increased the survival
of patients with CRC.?* The overall 5-year survival rate of
patients with CRC is 64.3%; however, the 5-year stage-specific
survival rate of patients with stage IV CRC is only 11.7%.“
Therefore, new strategies for treating CRC are urgently
needed. Many studies have indicated that tumor growth and
metastasis are determined by both tumor cells and stromal
cells. Stroma constitutes a large part of most solid tumors, and
tumor—stromal cell interaction contributes to tumor growth and
metastasis.>® Recent studies have shown that CAFs, which
are the major components of tumor stroma, stimulate tumor
progression by promoting tumor cell proliferation and inva-
sion.”"® We previously reported that the PDGE/PDGFR sig-
naling pathway plays a critical role in the growth and
metastasis of gastric and colon cancers in orthotopic transplan-
tation models. Platelet-derived growth factor-B is expressed by
cancer cells, whereas PDGFR-f is mainly expressed by CAFs.
Blockade of PDGFR signaling decreases stromal reaction,
areas (gg )vascular and lymphatic vessels, and number of peri-
cytes."”
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Tumor stroma contains CAFs, smooth muscle cells, endothe-
lial cells, pericytes, inflammatory cells, and ECM. Normal
fibroblasts inhibit tumor progression, whereas CAFs promote
tumor growth.“o) Tumor stroma contains many growth factors,
angioégenic factors, cytokines, and matrix-remodeling pro-
teins.' "

Bone marrow-derived MSCs are recruited from the bone
marrow to inflamed or damaged tissues by local endocrine sig-
nals to induce tissue regeneration."*'*’ Mesenchymal stem
cells have a strong capacity to migrate to various tumors'*'®
and to promote tumor proliferation and metastasis."” In addi-
tion, MSCs are involved in tumor angiogenesis and lymphan-
giogenesis,'®**% inhibition of apoptosis,** and formation of
a cancer stem cell niche.'**> We previously reported that
MSCs migrate to tumor stroma and differentiate into CAFs.?®
Treatment with PDGFR tyrosine kinase inhibitor imatinib
impairs the migration of MSCs to tumor stroma, decreases the
number of MSCs in the tumor microenvironment, and inhibits
the proggression of colon cancer in orthotopic transplantation
models.””

Chemotherapy of CRC commonly includes combination
regimens of 5-fluorouracil, folinic acid, and oxaliplatin (FOL-

Cancer Sci | May 2016 | vol. 107 | no.5 | 601-608


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Original Article
Regorafenib inhibits the growth and metastasis

FOX) or irinotecan (FOLFIRI).?®%” Recent studies have
reported a combination of targeted therapies such as beva-
cizumab (anti-VEGF antibody), cetuximab, and panitumumab
(anti-epidermal growth factor receptor antibody) with FOL-
FOX or FOLFIRI as the first-line treatment for patients with
CRC.?%3D Regorafenib is a novel oral multikinase inhibitor
that was recently approved by the FDA for treating meta-
static CRC, which was previously treated using standard ther-
apies, based on the results of a phase III study
(CORRECT).(”) Regorafenib inhibits various kinases such as
c-KIT, RET, BRAF, VEGFR1-3, TIE2, PDGFR-, and
fibroblast growth factor receptor 1.°*7® Although BRAF is
involved in the RAS/RAF signaling pathway, it is unclear
whether the mutation of KRAS/BRAF genes in tumor cells
is associated with the effect of regorafenib. Vascular endothe-
lial growth factor receptor 1-3, TIE2, and PDGFR-B are
mainly expressed by stromal cells; however, few studies have
focused on the effect of regorafenib on tumor stroma.®” We
examined the effect of regorafenib on several colorectal cell
lines with diverse RAS/RAF gene mutation statuses. In addi-
tion, we analyzed molecular mechanisms underlying the inhi-
bitory effect of regorafenib by co-implanting colon cancer
cells with MSCs to develop highly metastatic mixed-cell
tumors having abundant stroma. We found that regorafenib
treatment inhibited tumor growth and lymph node metastasis,
interrupted tumor cell-MSC interaction, and modified tumor-
supporting stroma.

Materials and Methods

Cell culture. Human MSCs were isolated from the iliac crest
and were cultured according to a protocol described previ-
ously®®*® and approved by the Ethics Committee of Hir-
oshima University Graduate School of Medicine (Hiroshima,
Japan). Human colon cancer cell line KM12SM was kindly
gifted bg/ Dr. Isaiah J. Fidler (University of Texas, Austin, TX,
USA).®” KM12SM cells did not have mutations in KRAS
codons 12 and 13 or the BRAF V600OE mutation. Mutations in
KMI12SM cells were determined by Sanger sequencing of
KRAS exons 2 and 3 and BRAF exon 15, according to standard
protocols. Human colon cancer cell lines Caco-2, DLD-1,
LoVo, SW480, WiDr, HT-29, and RKO were obtained from
the Health Science Research Resources Bank (Osaka, Japan).
Caco-2 cells do not have mutations in KRAS or BRAF; DLD-1
cells have a KRAS G13D mutation, LoVo cells have KRAS
G13D and A14V mutations, SW480 cells have a KRAS G12V
mutation, and WiDr, HT-29, and RKO cells have a BRAF
V600E mutation. Mutational status of key oncogenic CRC dri-
ver genes was obtained from the COSMIC database (http:/
www.sanger.ac.uk/genetics/CGP/cosmic/) of the Wellcome
Trust Sanger Institute. All the cell lines were maintained in
DMEM supplemented with 10% FBS and 1% penicillin—strep-
tomycin. The cultures were maintained for not more than
12 weeks after recovery of the cells from frozen stocks.

Reagents. Regorafenib was kindly provided by Bayer
Healthcare Pharmaceuticals (Leverkusen, Germany). The fol-
lowing primary antibodies were used: rat anti-mouse CD31
antibody (BD Pharmingen, BD Biosciences, San Diego, CA,
USA), monoclonal rat anti-mouse LYVE-1 antibody (R&D
Systems, Minneapolis, MN, USA), rabbit anti-aSMA antibody
(Abcam, Cambridge, UK), Ki-67 equivalent antibody (Novo-
castra; Leica Microsystems, Newcastle-upon-Tyne, UK), poly-
clonal rabbit anti-mouse type I collagen antibody (Novotec,
Saint Martin La Garenne, France), anti-p44/42MAPK (anti-
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ERK1/2) rabbit mAb (Cell Signaling Technology, Danvers,
MA, USA), and anti-phosphorylated p44/42MAPK (anti-
pERK1/2) rabbit mAb (Cell Signaling Technology).

Cell proliferation assay. The different colon cancer cell lines
(cell density, 6 x 10* cells per well for all the cell lines) were
seeded into 24-well plates (Essen ImageLock; Essen Bio-
science, Ann Arbor, MI, USA) containing DMEM supple-
mented with 10% FBS. The cells were treated with various
concentrations of regorafenib (including 5 uM concentration,
which is equivalent to the steady-state plasma concentration of
clinically effective doses of regorafenib).***> Growth curves
were generated from a bright field image obtained using a
label-free, high-content time-lapse assay system (Incucyte
Zoom; Essen Bioscience) that automatically expresses cell
confluence as a percentage over a 5-day period. All experi-
ments were carried out in triplicate.

Cell migration assay. Cell migration was assessed by scratch
wound assay. Colon cancer cells (density, 1 x 10° cells per
well) were seeded in 100 pg/L Matrigel-coated (BD Bio-
sciences, Bedford, MA, USA) 96-well plates (Essen ImageLock)
containing DMEM supplemented with 10% FBS. Use of Image-
Lock 96-well plates allows the images of wounds to be taken
automatically at the exact location by the Incucyte software.
Confluent cell layers were scratched using a 96-pin wound
maker provided with Incucyte.” After inducing the wound, the
cells were washed twice with PBS to remove detached cells and
were stimulated in the presence or absence of various doses of
regorafenib. ImageLock 96-well plates were then placed into
Incucyte (Essen Bioscience), and wound images were acquired
automatically every 2 h over a 5-day period. Relative wound
density was analyzed automatically by the Incucyte software.
All experiments were carried out in triplicate.

Animals and transplantation of tumor cells. Female athymic
BALB/c nude mice were obtained from Charles River Japan
(Tokyo, Japan). The mice were maintained under specific
pathogen-free conditions and were used at 8 weeks of age. The
study was carried out after obtaining the approval of the Com-
mittee on Animal Experimentation of Hiroshima University.

Cecal tumors were produced by injecting KM12SM cells in
50 pL. Hanks’ balanced salt solution into the cecal wall of
nude mice under a zoom stereomicroscope (Carl Zeiss, Gottin-
gen, Germany).

Effect of regorafenib on tumor cell-MSC interaction in ortho-
topic colon tumors. Co-implantation studies were carried out
to examine the effect of regorafenib on tumor—MSC interac-
tion in orthotopic colon tumors. Tumor xenograft models
were generated by implanting KMI12SM cells (1 x 10
KM12SM tumors) and KM12SM cells with MSCs (1:1 ratio;
mixed-cell tumors) into the cecal wall of nude mice. Next,
these mice were divided into the following four groups: (i)
mice with KMI12SM tumors that were treated daily with
water through oral gavage (1 x 10° n = 6); (ii) mice with
mixed-cell tumors that were treated daily with water through
oral gavage (n = 10); (iii) mice with KMI12SM tumors that
were treated daily with 10 mg/kg regorafenib through oral
gavage (n = 6); and (iv) mice with mixed-cell tumors that
were treated daily with 10 mg/kg regorafenib through oral
gavage (n = 10). Regorafenib treatment was initiated 1 week
after the intracecal transplantation of cells and was continued
for 4 weeks.

Western blot analysis. Tumors in the cecal wall of nude mice
were resected and homogenized in lysis buffer. Protein content
of the tumor samples was quantified spectrophotometrically, as
described previously.“"
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Necropsy and histological studies. Mice bearing orthotopic
tumors were killed using diethyl ether, and their body weights
were recorded. After necropsy, their tumors were excised and
weighed. For immunohistochemical analysis, one part of the
tumor tissue was fixed in formalin-free immunohistochemistry
zinc fixative (BD Pharmingen; BD Biosciences) and was
embedded in paraffin. The other part of the tumor tissue was
embedded in Tissue-Tek OCT compound (Sakura Finetek, Tor-
rance, CA, USA), rapidly frozen in liquid nitrogen, and stored
at —80°C. All macroscopically enlarged regional (celiac and
para-aortal) lymph nodes were harvested, and presence of
tumor metastasis was confirmed by histological analysis.
Tumor volume was calculated using the following formula:
V = 1/2 (length x width?).

Immunohistochemical  staining. Formalin-fixed,  paraffin-
embedded tissues sliced into serial 4-mm sections were used
for immunohistochemical analyses of a-SMA, CD31, LYVE-1,
Ki-67, ERK1/2, and pERKI1/2, as described previously.”
Apoptotic cells in the tissue sections were detected by TUNEL
assay with ApopTag Plus Peroxidase in situ apoptosis detec-
tion kit (Millipore—Chemicon International, Temecula, CA,
USA), according to the manufacturer’s instructions.

Immunofluorescence staining. Frozen tissues were cut into 8-
pm sections for immunofluorescent analysis of CD31, LYVE-
1, Ki-67, and apoptotic cells as described previously.?® Con-
focal fluorescence images were captured with a 20x or 40x
objective lens on a Zeiss LSM 510 Ilaser scanning
microscopy system (Carl Zeiss Inc., Thornwood, NY, USA)
equipped with a motorized Axioplan microscope, argon laser
(458/477/488/514 nm, 30 mW), HeNe Ilaser (543 nm,
1 mW), HeNe laser (633 nm, 5 mW), LSM 510 control and
image acquisition software, and appropriate filters (Chroma
Technology Corp., Brattleboro, VT, USA). Confocal images

KRAS-wild/BRAF-wild

KRAS mutation/BRAF-wild
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were exported to Adobe Photoshop software (Adobe, San Jose,
CA, USA), and image montages were prepared.

Quantification of microvessel, CAF, and lymphatic vessel
areas. Microvessel (CD31-positive staining) and lymphatic
vessel (LYVE-1-positive staining) areas were quantified to
evaluate the angiogenic and lymphangiogenic activity of
tumors. For this, 10 random fields at x200 magnification were
captured for each tumor, and vessels along with their lumen
were counted manually. The CAF area (a-SMA-positive stain-
ing) was also determined from 10 optical fields (x200 magni-
fication) of different sections. The areas were calculated using
Imagel software version 1.48v (NIH, Bethesda, MD, USA).

Determination of Ki-67 labeling index and apoptotic index.
Both Ki-67 LI and AI were determined using the paraffin sec-
tions of orthotopic tumors, as described previously.*?

Colocalization of TUNEL- and Ki67-positive cells with CD31 and
LYVE-1. To assess the effect of MSCs and regorafenib on
tumor microvessels and lymphatic vessels, fluorescent double-
staining for CD31/Ki67, CD31/TUNEL, LYVE-1/Ki67, and
LYVE-1/TUNEL was carried out as previously described.®
Ki-67-positive vascular endothelial cells (CD31-positive),
TUNEL-positive vascular endothelial cells (CD31-positive),
Ki-67-positive lymphatic endothelial cells (LY VEl-positive),
and TUNEL-positive lymphatic endothelial cells (LYVE-1-
positive) were quantified to evaluate the angiogenic and lym-
phangiogenic activity of tumors. For this, 10 optical fields at
x400 magnification were captured for each tumor. The ratios
of proliferating and apoptotic cells to vascular and lymphatic
endothelial cells, respectively, were expressed as percentages.

Statistical analysis. Between-group differences in tumor vol-
ume and areas of a-SMA-positive, CD31-positive, and LY VE-
I-positive cells were analyzed using the Wilcoxon/Kruskal—
Wallis test. Differences in the incidence of lymph node metas-

KRAS-wild/BRAF mutation
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Fig. 1. In vitro cell proliferation and migration assay. Growth (a) and migration (b) of tumor cells in the presence or absence of regorafenib

was measured using Incucyte Zoom, which monitors cell confluency in real time. Regorafenib inhibited tumor proliferation and migration irre-

spective of KRAS and BRAF mutation status. *P < 0.05 versus control.
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tasis were analyzed using Fisher’s exact test. Differences in
the percentages of Ki-67- and TUNEL-positive cells were ana-
lyzed using unpaired Student’s t-test or Pearson’s chi-square-
test, as appropriate. The two-sided 7-test was used to determine
statistical differences between treatment and control groups
with respect to the growth curves and scratch wound conflu-
ence analyzed by Incucyte at the end of the treatment period,
as previously described.“® P-values of <0.05 were considered
statistically significant. All data are expressed as mean + SE.

Results

Inhibitory effects of regorafenib on the proliferation and
migration of colon cancer cells in vitro. We evaluated the effects
of regorafenib on the proliferation and migration of colon can-
cer cells in vitro and correlated these effects with the mutation
status of KRAS and BRAF. Proliferation and migration of colon
cancer cells were analyzed in the presence or absence of rego-
rafenib (2.5, 5, 10, and 20 pM) in real-time by using Incucyte
Zoom. Compared with control cells, proliferation and migra-
tion of all the tumor cell lines were inhibited by clinically

Table 1. Effect of mesenchymal stem cells on tumor growth, stromal
volume, angiogenesis, and lymphangiogenesis

www.wileyonlinelibrary.com/journal/cas

effective concentrations of regorafenib (5-8 puM)3*3*4% jrre-
spective of their KRAS and BRAF mutation status (Fig. 1).

Production of rapidly growing and highly metastatic tumors by
co-implanting colon cancer cells with MSCs. We previously
reported that co-implantation of tumor cells with MSCs stimu-
lated tumor growth and metastasis.?® To confirm this, we
implanted KM12SM cells alone or along with MSCs into the
cecal wall of the nude mice. Tumor volume and incidence of
lymph node metastasis significantly increased in mice bearing
mixed-cell tumors compared with that in mice bearing
KM12SM tumors (Table 1). Effects of MSCs on cell prolifera-
tion, stromal volume, angiogenesis, and lymphangiogenesis
were evaluated using paraffinized tumor sections and proteins
present in orthotopic implanted tumors. Ki-67 LI, Al, a-SMA
expression, and lymphatic vessel and microvessel areas were
significantly higher in mice bearing mixed-cell tumors than in
mice bearing KM12SM tumors (Table 1). Similarly, Western
blot analysis showed that expression of collagen type I and
o-SMA was significantly higher in mice bearing mixed-cell
tumors than in mice bearing KMI12SM tumors (Fig. 2a).
Co-implantation of KMI12SM cells with MSCs produced
tumors having abundant stromal component, which was consis-
tent with our previous data.*®

Effects of regorafenib on tumor growth and lymph node
metastasis in the orthotopic colon tumor models. Regorafenib
treatment significantly inhibited the growth of KM12SM and

KM125M Mixed-cell mixed-cell tumors. However, the rate of reduction in tumor
mice mice volume was significantly higher in mice bearing mixed-cell
3 - tumors than in mice bearing KM12SM tumors (Fig. 2b). Co-
Tumor volume, mm 144 = 21 745 £ 135 implantation of KMI2SM cells with MSCs increased the
i * . .
Lymph node metastasis 0/6 3/10 X potential of KM12SM tumors to metastasize toward lymph
Ki67 labeling index 102416 576424 . nodes. However, regorafenib treatment decreased the incidence
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Area of a-SMA-positive staining, 54+ 1.1 15.8 + 1.2* (Fig. 2b)
3 2 ) :
x10% um s . Effects of regorafenib on molecules involved in tumor signal-
Micro ve.ssel area, x10 “m3 , 446 £ 36 85.0 + 3'0* ing pathways in orthotopic colon tumor models. To assess the
Lymphatic vessel area, x10” um 36+05 282423 effects of regorafenib on molecules involved in tumor signal-
*P < 0.05 versus control group values. A-SMA, o-smooth muscle actin. ing pathways, we confirmed the expression of ERKI1/2 and
KM125M tumor Mixed-cell tumor
(b) +
(a) — *
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*
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Fig. 2. (a) Effect of mesenchymal stem cells on tumor stromal reaction. Expression of a-smooth muscle actin (a-SMA) and collagen | was higher

in mixed-cell tumors than in KM12SM tumors. (b) Effect of regorafenib on tumor growth and lymph node metastasis in orthotopic colon tumor
models. Regorafenib inhibited the growth of both KM12SM and mixed-cell tumors. Average tumor volume of mice not treated with regorafenib
was set as 100% for both the tumor types. The rate of tumor reduction after regorafenib treatment was significantly higher (78% vs 45%;
P < 0.05) in mixed-cell tumors than in KM12SM tumors. Data are expressed as mean + SE; *P < 0.05.
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pERK1/2, which are downstream effecters of the RAS/RAF
signaling pathway, by carrying out immunohistochemical and
Western blot analyses. Regorafenib treatment did not influence
the expression of ERKI1/2, but inhibited the expression of
pERK1/2 in both tumor types (Figs 3a,b,4). These results indi-
cated that regorafenib treatment inhibited the RAS/RAF/ERK
signaling pathway in KM12SM and mixed-cell tumors.

Effects of regorafenib on tumor proliferation and apoptosis
revealed by immunohistochemical analysis. To determine the
mechanisms underlying the tumor-inhibitory effect of rego-
rafenib, we examined tumor proliferation (Ki-67 LI) and apop-
tosis (AI) in xenografted mice using immunohistochemical
analysis. Ki-67 LI was significantly decreased after regorafenib
treatment in mixed-cell tumors but not in KMI12SM tumors
(Figs 3c,5a). The AI was significantly increased after rego-
rafenib treatment in both KM12SM and mixed-cell tumors
(Figs 3d,5b).

Effects of regorafenib on stromal reaction, tumor angiogenesis,
and lymphangiogenesis. We evaluated the effects of rego-
rafenib treatment on stromal reaction, tumor angiogenesis, and
lymphangiogenesis by immunohistochemical analysis. Angio-
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Fig. 4. Western blot analysis showed that regorafenib inhibited the
phosphorylation of ERK1/2.
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Effect of regorafenib on KM12SM and mixed-cell tumors. Expression of ERK (a) and pERK (b), analysis of cell proliferation (Ki-67 labeling
index) (c), apoptosis index (TUNEL assay) (d), H&E staining (e), expression of a-smooth muscle actin (a-SMA) (carcinoma-associated fibroblasts) (f),
angiogenesis (CD31 staining) (g), and lymphangiogenesis (LYVE-1 staining) (h). Scale bar = 200 pm.

genesis and lymphangiogenesis were evaluated by determining
the areas of CD31- and LYVE-I1-positive staining, respec-
tively. Stromal reaction was evaluated by determining the area
of a-SMA-positive staining, which is a marker of CAFs. Rego-
rafenib treatment significantly decreased the areas of o-SMA-
positive staining and lymphatic vessels in mixed-cell tumors
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Fig. 5. Quantification of the effects of regorafenib on KM12SM and
mixed-cell tumors. Regorafenib decreased the Ki-67 labeling index (a),
a-smooth muscle actin (a-SMA)-positive area (c), and lymphatic vessel
area (e) in mixed-cell tumors. Furthermore, regorafenib increased the
apoptosis index (b) and decreased microvessel area (d) in KM12SM
tumors. Data are expressed as mean + SE; *P < 0.05. NS., not signifi-
cant.
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Effect of regorafenib on vascular and lymphatic endothelial cells in KM12SM and mixed-cell tumors. Expression of CD31 and TUNEL in

apoptotic vascular endothelial cells (a), LYVE-1 and TUNEL in apoptotic lymphatic endothelial cells (b), CD31 and Ki-67 in proliferating vascular
endothelial cells (c), and LYVE-1 and KI-67 in proliferating lymphatic endothelial cells (d). Proliferating (Ki67-positive) and apoptotic (TUNEL-posi-
tive) cells are depicted in green. Vascular and lymphatic endothelial cells are depicted in red. Scale bar = 50 um. (c) Average ratio of apoptotic
vascular endothelial cells to the total number of vascular endothelial cells. (d) Average ratio of apoptotic lymphatic endothelial cells to the total
number of lymphatic endothelial cells. (e) Average ratio of proliferating vascular endothelial cells to the total number of vascular endothelial
cells. (f) Average ratio of proliferating lymphatic endothelial cells to the total number of lymphatic endothelial cells. Data are expressed as

mean + SE; *P < 0.05.

but not in KMI12SM tumors (Figs 3f,h,5c,e). Furthermore,
regorafenib treatment significantly decreased the microvessel
area in both the tumor types, especially in mixed-cell tumors
(Figs 3g,5d).

As shown in Figure 6, proliferating and apoptotic endothelial
cells were analyzed by double fluorescence for CD31/TUNEL
(Fig. 6a,e), LYVE-I/TUNEL (Fig. 6b,f), CD31/KI-67
(Fig. 6¢,g), and LYVE-1/TUNEL (Fig. 6d,h). Regorafenib
treatment decreased the number of proliferating endothelial
cells and increased the number of apoptotic endothelial cells
(Fig. 6e—h).

Discussion

The tumor microenvironment influences tumor growth and
invasion and thus tumor metastasis.*> We previously reported
that MSCs migrate to tumor stroma and differentiate into
CAFs.?® CXCL12 (stromal cell derived factor-1)/CXCR4,“®
CCL2 (MCP-1)/CCR2,""® transforming growth factor-B/recep-
tors,*” and PDGE/PDGFR,"” are involved in the tumor-hom-
ing activity of MSCs. We previously reported that co-
implantation of tumor cells with MSCs into orthotopic (cecum)
sites produced highly metastatic and fast-growing tumors hav-
ing abundant active stroma. The PDGFR tyrosine kinase inhi-
bitor imatinib inhibits stromal reaction and metastasis.*"
Target molecules of regorafenib are expressed by CAFs and
pericytes (PDGFR), vascular endothelial cells (VEGFR2 and
TIE2), lymphatic endothelial cells (PDGFR and VEGFR3),
and tumor cells (BRAF). In this study, mixed-cell tumors had
higher Ki-67 LI and lower Al than KM12SM tumors. Further-
more, mixed tumors had more active stroma than KM12SM
tumors. Mesenchymal stem cells have been reported to express
many anti-apoptotic factors, such as VEGF, basic fibroblast

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
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growth factor, PDGF, stromal cell derived factor-1a, IGF-1,2,
transforming growth factor-p, and IGF binding protein-2. “®
Therefore, MSCs may stimulate the biological aggressiveness
of tumor cells and thus protect them. Mixed-cell tumors
showed highly metastatic properties, but mixed-cell tumors
were significantly larger than KM12SM tumors. Thus, in this
study, it was unclear whether the highly metastatic properties
were due to the significantly different tumor burden or differ-
ent biological aggressiveness of the tumors. To further clarify
this, a tumor size-matched comparison of lymphatic metastasis
frequency between KMI12SM and mixed-cell tumors is
required, which may support a therapeutic strategy targeting
tumor cells and MSCs.

Subsequently, we evaluated the effect of regorafenib on
KM12SM and mixed-cell tumors. Despite the presence of the
same cell line, the inhibitory effect of regorafenib differed
between KM12SM and KM12SM + MSC mixed-cell tumors.
Regorafenib treatment significantly decreased tumor cell
growth, stromal reaction, angiogenesis, and lymphangiogenesis.
In addition, regorafenib treatment completely inhibited the
acquired ability of KM12SM cells co-implanted with MSCs to
metastasize to lymph nodes.

We also examined the inhibitory effect of regorafenib on the
proliferation of several colon cancer cell lines, which show dif-
ferent abnormalities in the RAS/RAF/MAPK signaling path-
way. We confirmed that regorafenib exerted inhibitory effects
on all the cell lines irrespective of their KRAS and BRAF
mutation status. The phase III COLLECT study showed that
regorafenib exerted inhibitory effects on both wild-type KRAS-
and mutant KRAS-containing CRCs.®*? Results of biochemical
assays have indicated that regorafenib treatment is effective
irrespective of the presence of BRAF mutations.*>*” How-
ever, the clinical effectiveness of RAF inhibitors such as
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vemurafenib and dabrafenib depends on BRAF mutation status.
BRAF inhibitors suppress the growth of cells harboring BRAF
mutations; however, these compounds paradoxically activate
the RAS/RAF/ERK pathway in cells harboring oncogenic
RAS or elevate upstream receptor signaling.®*>" Therefore, it
is unclear how KRAS and BRAF mutations are involved in the
resistance of tumor cells to BRAF inhibitors. Regorafenib is a
multikinase inhibitor. Therefore, the effect may depend on the
inhibition effect not only against cancer cells by inhibiting the
RAS/RAF/ERK signaling pathway but also against stroma
and angiogenesis. However, the effect of regorafenib may be
different depending on the mutation status of cancer cells, and
the difference may be more apparent in vitro where stroma
does not exist. We examined the tumor-inhibitory effect of
regorafenib in vitro by using cultured cell lines with different
mutations. We confirmed the inhibitory effect of regorafenib
on tumor cells and examined whether this effect was correlated
with the mutation status of the cells. We observed that rego-
rafenib exerted the same effect on all the cell lines with differ-
ent mutation statuses, which was consistent with that reported
in a previous study.®® Some studies have found no correlation
between regorafenib-induced antiproliferative effects and muta-
tion status of cells and have suggested that resistance of tumor
cells to regorafenib depends on the expression of pERK1/2
before regorafenib treatment.®*>® However, a study showed
that downregulation of the AKT/mTOR/S6 ribosomal protein
axis, which is not the primary target of regorafenib, after rego-
rafenib treatment was associated with longer progression-free
survival and metabolic responses.®® This suggests that the
inhibitory effect of regorafenib does not strongly depend on
the mutation status of the RAS/RAF/ERK axis.

We previously reported that blockade of mTOR and PDGFR
pathways by inhibitors everolimus and imatinib inhibited the
progression of CRC because of the modulation of the tumor
microenvironment. > Everolimus inhibited tumor cell prolifer-
ation but not stromal reaction. In contrast, imatinib inhibited
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