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Tumor growth and metastasis are not determined by cancer cells alone but also by a variety of stromal
cells, and platelet-derived growth factor receptors (PDGF-Rs) are overexpressed by various stromal cell
populations. Activation of PI3K-AKT-mTOR signaling is frequently observed in many cancer types. We
investigated whether the mTOR inhibitor everolimus, alone or in combination with the PDGF-R tyrosine
kinase inhibitor nilotinib, can inhibit growth and metastasis of human colon cancer. The effects of
nilotinib and everolimus on tumor growth and metastasis were examined in an orthotopic mouse model
of human colon cancer and a model of liver metastasis. After treatment with nilotinib (versus distilled
water), the stromal reaction of xenografts growing in the cecal wall and liver was significantly
decreased. After treatment with everolimus, the stromal reaction did not decrease, but tumor cell
proliferation and microvessel density decreased. With the two drugs in combination, both stromal
reaction and tumor cell proliferation decreased and apoptosis of tumor cells increased, resulting in
remarkable inhibition of tumor growth at both the orthotopic and the metastatic site. Concurrent
inhibition of tumor cells and activated stromal cells by a PDGF-R tyrosine kinase inhibitor and an mTOR
inhibitor used in combination may represent a novel therapeutic approach for colorectal cancer.
(Am J Pathol 2015, 185: 399e408; http://dx.doi.org/10.1016/j.ajpath.2014.10.014)
Supported in part by grants-in-aid for cancer research from the Ministry
of Education, Culture, Science, Sports and Technology of Japan.
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Colorectal cancer (CRC) is the third most commonly diag-
nosed cancer worldwide and the third leading cause of cancer
death in Japan.1 Despite a growing number of chemothera-
peutic agents, the median survival of patients with metastatic
CRC remains less than 20 months, which underscores the
urgent need for novel therapeutic approaches.2 Recent
molecular and cellular biology studies have shown that tumor
growth and metastasis are not determined by cancer cells
alone, but also by a variety of stromal cells. The stroma con-
stitutes a large part of most solid tumors, and cancer-stromal
cell interaction contributes functionally to tumor growth and
metastasis.3,4 Tumor stroma contains many different cell types,
including activated fibroblasts (myofibroblasts), endothelial
cells, and inflammatory cells. Activated fibroblasts in cancer
stroma are prominent modifiers of tumor progression and thus
are called carcinoma-associated fibroblasts (CAFs).5

We have previously shown in human colon cancer tissues
that platelet-derived growth factor receptors (PDGF-Rs) are
stigative Pathology.

.

overexpressed by various stromal cell populations,
including CAFs and pericytes, but not by the cancer cells
themselves.6,7 PDGFs, on the other hand, are expressed by
colon cancer cells.5,7 PDGF-R signaling is reported to be
involved in pericyte recruitment8,9 and in controlling inter-
stitial fluid pressure in stroma, influencing transvascular
transport of chemotherapeutic agents in a paracrine
manner.10 Blockade of PDGF-R signaling pathways in
tumor-associated stromal cells with the use of a PDGF-R
tyrosine kinase inhibitor (imatinib or nilotinib) has been
shown to inhibit the stromal reaction in an orthotopic mouse
model of human colon cancer and a gastric cancer xenograft
model.11
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Activation of phosphoinositide 3-kinase-protein kinase
B-mammalian target of rapamycin signaling (PI3K-AKT-
mTOR) is associated with growth and progression of a number
of cancers, including CRC.12,13 mTOR is a central regu-
latory kinase that increases the production of proteins that
stimulate key cellular processes such as cell proliferation,
metabolism, survival, and angiogenesis.14 Everolimus, an
oral inhibitor of the serine-threonine kinase mTOR, which
functions downstream of the PI3K-AKT pathway, has been
shown in cultured tumor cells to have antiangiogenic
effects via reductions in expression of hypoxia-inducible
factor-1 (HIF-1) and vascular endothelial growth factor
(VEGF).15e19 We therefore investigated whether nilotinib
and/or everolimus inhibits the growth and metastasis of
CRC in an orthotopic mouse model of CRC and in an
experimental liver metastasis model.

Materials and Methods

Surgical Specimens

Archival formalin-fixed, paraffin-embedded tumor tissues
were obtained from Hiroshima University Hospital. The
specimens, from 27 patients who underwent surgical resec-
tion for colon cancer, were examined by immunohisto-
chemistry. Patient privacy was protected in accordance with
the Ethical Guidelines for Human Genome/Gene Research of
the Japanese Government. Informed consent was not
required, and all personally identifiable information was
removed before analysis of the tissue samples.

Human Colon Carcinoma Cell Lines and Culture
Conditions

Human colon cancer cell lines KM12SM20 and KM12C
were a kind gift of Dr. Isaiah J. Fidler (University of Texas,
Houston, TX). The KM12SM cell line is a highly metastatic
clonal cell line selected from the parental KM12C cell line.
DLD1 and WiDr human colon cancer cell lines and the
human osteosarcoma cell line MG63 (which served as a
positive control for PDGF-R expression) were obtained
from the Health Science Research Resources Bank (Osaka,
Japan). These cell lines were maintained in Dulbecco’s
modified Eagle’s medium with 10% fetal bovine serum
(Sigma-Aldrich, St. Louis, MO) and a penicillin-strepto-
mycin mixture. The cultures were maintained for no longer
than 12 weeks after recovery of cells from frozen stock.

Reagents

Nilotinib (Tasigna) and everolimus (Afinitor) were kindly
provided by Novartis Pharma (Tokyo, Japan). Nilotinib was
dissolved in 0.5% hydroxypropylmethylcellulose aqueous
solution containing 0.05% Tween 80 at a concentration of 4
mg/mL, then diluted in sterile water. Everolimus was diluted
in sterile water for oral administration. Primary antibodies
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were as follows: polyclonal rabbit anti-PDGF-Rb, polyclonal
rabbit anti-phosphorylated PDGF-Rb, polyclonal rabbit
anti-human VEGF-A, and polyclonal rabbit antiePDGF-
BB subunit (Santa Cruz Biotechnology, Dallas, TX); rat
anti-mouse CD31 (BD Pharmingen; BD Biosciences, San
Diego, CA); monoclonal mouse anti-desmin antibody from
(Invitrogen; Life Technologies, Carlsbad, CA); rabbit
antiea-smooth muscle actin (a-SMA) (Abcam, Cam-
bridge, UK); Ki-67 equivalent antibody (Novocastra; Leica
Microsystems, Newcastle upon Tyne, UK); polyclonal
rabbit anti-mouse type I collagen (Novotec, Saint Martin La
Garenne, France); and monoclonal rabbit anti-mouse S6
ribosomal protein antibody and monoclonal rabbit anti-
phosphorylated mouse S6 ribosomal protein antibody (Cell
Signaling Technology, Danvers, MA). Fluorescent sec-
ondary antibodies were Alexa Fluor 488econjugated goat
anti-rabbit IgG, Alexa Fluor 488econjugated goat anti-rat
IgG, and Alexa Fluor 546econjugated goat anti-rabbit IgG
(Invitrogen; Life Technologies).

Western Blot Analysis

Cultured colon cancer cells andMG63 cells were washed and
then scraped into phosphate-buffered saline containing 5
mmol/L EDTA and 1 mmol/L sodium orthovanadate. Pellets
obtained by centrifugation were resuspended in a lysis buffer
(20 mmol/L Tris-HCl, pH 8.0; 137 mmol/L NaCl; 10%
glycerol; 2 mmol/L EDTA; 1 mmol/L phenylmethylsulfonyl
fluoride; 20 mmol/L leupeptin; 0.15 unit/mL aprotinin) and
centrifuged; the supernatant was then collected. Tumors
growing in nude mice were resected and homogenized in a
lysis buffer. The protein contents of the samples were
quantified spectrophotometrically, as described previously.21

Growth Inhibition Assays

Equal numbers of KM12SM cells were seeded onto 12-well
plates at a density of 1� 105 cells per well in the appropriate
culture medium with supplements. Cells were treated with
various doses of everolimus and nilotinib (including an
equivalent clinically effective dose22), and growth curves
were generated with the use of a brightfield image label-free,
high-content time-lapse assay system (IncuCyte; Essen
BioScience, AnnArbor,MI) that automatically measured cell
confluence as a percentage over a 5-day period.

Animals and Orthotopic Implantation of Tumor Cells

Female athymic BALB/c nude mice were obtained from
Charles River Japan (Tokyo, Japan). The mice were main-
tained under specific pathogen-free conditions and used at 8
weeks of age. The study was conducted with permission from
the Committee on Animal Experimentation of Hiroshima
University. To produce cecal tumors, PDGF-expressing
KM12SM cells (5 � 105 cells) in 50 mL of Hanks’
balanced salt solution were injected into the cecal wall of the
ajp.amjpathol.org - The American Journal of Pathology
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Figure 1 AeC: Expression of p-S6 in normal colon tissue versus human colorectal cancer (CRC) tissue (A), orthotopic KM12 tumors (B), and CRC cell lines (C).
A: Normal colon mucosa showed no immunoreactivity for p-S6, but diffuse cytoplasmic staining was seen in tumor cells. B: Phosphorylation of S6 protein was
detected in orthotopic xenografts derived from KM12SM and KM12C human colon cancer cells. C: Expression and phosphorylation of mTOR and S6 proteins was
detected in all four CRC cell lines. D and E: The growth of KM12SM cells with and without everolimus (D) or nilotinib (E) treatment was measured using IncuCyte
technology, which monitors cell confluency in real time (one image per 3 hours) for a period of 5 days. MP, muscularis propriae; SM, submucosal.

Role of Microenvironment In Metastasis
nude mice under zoom stereomicroscope observation. To
produce experimental liver metastasis, 1 � 106 KM12SM
cells in 50 mL of Hanks’ balanced salt solution were injected
into the spleen of nude mice.6

Treatment of Established Human Colon Cancer Tumors
Growing in Nude Mice Cecum or Liver

At 14 days after cell implantation, mice were randomly
assigned to four treatment groups: i) daily administration of
water by oral gavage (control), ii) daily oral gavage of 100
mg/kg nilotinib, iii) daily oral gavage of 1 mg/kg ever-
olimus, and iv) daily oral gavage of 100 mg/kg nilotinib and
1 mg/kg everolimus. Animal numbers were n Z 10 per
group in the orthotopic model and n Z 5 per group in the
liver metastatic model. Treatments lasted 28 days.

Necropsy and Histological Studies

Mice bearing orthotopic tumors were euthanized with
diethyl ether. Body weights were recorded. After necropsy,
The American Journal of Pathology - ajp.amjpathol.org
tumors were excised and weighed. For immunohistochem-
istry, one part of the tumor tissue was fixed in formalin-free
immunohistochemistry zinc fixative (BD Pharmingen; BD
Biosciences, San Diego, CA) and embedded in paraffin; the
other part was embedded in Tissue-Tek OCT compound
(Sakura Finetek, Torrance, CA), rapidly frozen in liquid
nitrogen, and stored at �80�C. All macroscopically
enlarged regional (celiac and para-aortal) lymph nodes were
harvested, and the presence of metastatic disease was
confirmed by histological examination. Tumor volume was
calculated as V Z 1/2 (length � width2).

Immunohistochemical Staining and
Immunofluorescence Double Staining

Formalin-fixed, paraffin-embedded tissues cut into serial
4-mm sections were used for immunohistochemistry. The
procedures for immunohistochemical detection of a-SMA,
type I collagen, Ki-67, phosphorylated S6 ribosomal protein
(p-S6), or VEGF-A were as described previously.23

Apoptotic cells in tissue sections were detected by TUNEL
401
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Figure 2 Effect of everolimus and/or nilotinib
on mTOR and platelet-derived growth factor
(PDGF) signaling. A: Treatment of KM12SM cells
with everolimus for 48 hours resulted in a dose-
dependent decrease in p-mTOR and p-S6 levels.
B: Nilotinib had no significant effect on KM12SM
cells. C: Nilotinib treatment resulted in a decrease
of p-PDGF-Rb in MG63 cells. Expression of PDGF-
Rb was undetectable in KM12SM cells. Everolimus
did not affect the PDGF pathways in MG63 cells.
D: Phosphorylation of S6 in orthotopic KM12SM
tumors in nude mice was inhibited by oral
administration of everolimus and by nilotinib and
everolimus in combination.
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assay with an ApopTag Plus peroxidase in situ apoptosis
detection kit (Millipore-Chemicon International, Temecula,
CA) according to the manufacturer’s instructions. The
transplanted tumor tissues were prepared into 10-mm frozen
sections and then were subjected to immunofluorescence
analyses using the following primary antibodies: PDGF-Rb,
p-PDGF-Rb, CD31, and desmin (for pericytes). The fluo-
rescent signal of secondary antibody was captured by
confocal laser-scanning microscopy (Carl Zeiss Microscopy,
Thornwood, NY; Jena, Germany). Endothelial cells were
identified by green fluorescence, and pericytes were identified
by red fluorescence. Pericyte coverage of endothelial cells
was determined by counting CD31þ cells in direct contact
with desminþ cells in five randomly selected microscopic
fields (�200 magnification).24

Quantification of Microvessel, CAF, and Collagen Areas

To evaluate angiogenic activity of the tumors, microvessel
(CD31þ) areas were quantified. Ten random fields at �200
magnification were captured for each tumor, and the vessels
including a lumen were counted manually. The areas of CAFs
and extracellular matrix (ECM) were also determined from the
respective areas of a-SMAþ and type I collagenepositive
staining from 10 optical fields (�100 magnification) of
different sections. The areas were calculated with the use of
ImageJ software version 1.47v (NIH, Bethesda, MD).

Determination of the Ki-67 Labeling Index and the
Apoptotic Index

The Ki-67 labeling index was determined by light microscopy
at the site of the greatest number of Ki-67þ cells. Cells were
counted in 10 fields at �200 magnification, and the number of
Ki-67þ cells among approximately 300 tumor cells was
counted and expressed as a percentage. Apoptotic cells were
402
counted in 10 random 0.14-mm2
fields at �200 magnification.

The apoptotic index was taken as the ratio of positively stained
tumor cells and bodies to all tumor cells and expressed as a
percentage in each case.
Statistical Analysis

Between-group differences in murine body weight, tumor
weight, and areas of a-SMAþ, type I collagenepositive, and
CD31þ cells were analyzed by Wilcoxon/KruskaleWallis
test. Differences in the incidence of lymph node metastasis
were analyzed by Fisher’s exact test. Differences in the
percentages of Ki-67þ cells and TUNEL-positive cells were
analyzed by unpaired Student’s t-test or c2 test as appro-
priate. P < 0.05 was considered statistically significant.
Data are expressed as means � SEM.
Results

Expression of p-S6 in Human CRC Tissues and
Orthotopic Xenografts in Nude Mice

To determine whether the mTOR signaling pathway is acti-
vated in CRC tissues, we analyzed changes in expression of
p-S6, a downstream effector of the mTOR signaling pathway,
in 27 colon cancer tissues by immunohistochemistry (10 car-
cinomas in situ, 10 carcinomas showing submucosal invasion,
and 7 carcinomas showing muscular invasion). Representative
images are presented in Figure 1A. Normal colon mucosa was
negative for p-S6 staining. Primary tumor cells exhibited
diffuse cytoplasmic staining, regardless of disease stage. We
also observed diffuse cytoplasmic staining of p-S6 in ortho-
topic xenografts derived from KM12C and KM12SM human
CRC cells (Figure 1B). Phosphorylation of mTOR and S6 was
confirmed by Western blot analysis in all four human CRC
ajp.amjpathol.org - The American Journal of Pathology
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Table 1 Results of Treatment of KM12SM Tumors Growing in the Cecal Wall of Nude Mice

Treatment group
Body weight, g
(range)

Tumor
incidence, n/N

Tumor weight,
g (range)

Lymph node
metastasis, n/N

Control 18.7 (15.8e22.27) 10/10 0.45 (0.21e1.52) 7/10
Nilotinib (100 mg/kg) 19.3 (15.7e22.04) 9/9 0.27 (0.13e0.34) 1/9
Everolimus (1 mg/kg) 19.2 (17.79e20.13) 10/10 0.17 (0.05e0.37) 1/10
Nilotinib (100 mg/kg) þ everolimus (1 mg/kg) 21.1 (17.77e24.58) 10/10 0.05 (0.02e0.08) 0/10

BA

DC

Figure 3 Effects of nilotinib and/or everolimus on KM12SM orthotopi-
cally implanted (cecal) tumors (A and B) and on liver metastasis (C and D).
Treatment with combination therapy significantly reduced the weight of
primary tumors (A) and the volume of metastatic tumors (C). Increased body
weight of mice was observed only in the combination treatment group;
control mice developed cachexia with tumor progression (B and D). Data are
expressed as means � SEM. *P < 0.05; **P < 0.01.

Role of Microenvironment In Metastasis
cell lines (Figure 1C). These findings indicate that the acti-
vation of mTOR signaling is a widespread event in CRC.

Effects of Everolimus and Nilotinib on the Growth of
Colon Carcinoma Cells

To assess the effects of everolimus and nilotinib on the growth
of colon carcinoma cells in vitro, proliferation of KM12SM
cells, both with and without the agents, was analyzed in real
time. Growth curves revealed a dose-dependent decrease in the
proliferation of KM12SM cells treated with everolimus
(Figure 1D), but no inhibition of proliferation of KM12SM
cells treated with an equivalent clinically effective dose of
nilotinib (Figure 1E).

Effects of Everolimus and Nilotinib on Phosphorylation
of Targeted Proteins in KM12SM Cells

To examine the effects of everolimus on mTOR signaling
in vitro, Western blot analysis was performed on KM12SM
cell lysate samples. S6 and mTOR phosphorylation was
inhibited in a dose-dependent manner after 48 hours of
everolimus treatment (Figure 2A). By contrast, phosphory-
lation of S6 and mTOR was not affected by treatment with
nilotinib (Figure 2B). We next examined the effects of
nilotinib on phosphorylation of PDGF-Rb in vitro. Because
PDGF-Rb was not expressed in the colon cancer cell lines,
MG63 cells (a human osteosarcoma cell line) were used as a
positive control for PDGF-R expression. With nilotinib
treatment, phosphorylation of PDGF-Rb in MG63 cells
stimulated by PDGF-B was inhibited; with everolimus
treatment, however, no effect on the PDGF pathways was
observed in MG63 cells (Figure 2C). Furthermore, nilotinib
did not influence the effect of everolimus on the mTOR
pathway (Figure 2C).

Effects of Treatment on KM12SM Tumors Growing in
the Cecal Wall of Nude Mice

We next determined whether tumor growth at the primary
site is inhibited by nilotinib, everolimus, or the two agents
administered in combination (Table 1). Tumor incidence
was 100% in all four treatment groups. Tumor weights were
measured at necropsy (Figure 3A). Tumor weight was
significantly reduced in the group treated with everolimus
(P < 0.01). Tumor weight tended to decrease in the group
treated with nilotinib, but the difference was not statistically
The American Journal of Pathology - ajp.amjpathol.org
significant. Tumor weight of the mice treated with both
everolimus and nilotinib was much lower than that of the
mice treated with vehicle alone, and also lower than that of
mice treated with everolimus alone (P < 0.01). Lymph
node metastasis was significantly inhibited in the three
agent-treated groups. There was no significant difference
between these three treatment groups, although lymph node
metastasis was not found in the combination treatment
group. There was no significant change in body weight in
the combination group, but cachexia-associated weight loss
occurred in the other two agent-treated groups and in the
control group (Figure 3B).
Effects of Nilotinib and Everolimus on PDGF and mTOR
Signaling Pathways in Orthotopic Tumors

To assess whether nilotinib or everolimus inhibits phosphor-
ylation of targeted proteins, tumor specimens were analyzed
immunohistochemically for expression of p-PDGF-R and
p-S6. Phosphorylation of PDGF-R in the stroma was signifi-
cantly inhibited in orthotopic tumors of mice treated with
nilotinib alone or with nilotinib and everolimus in combination
(Figure 4B). Phosphorylation of S6 ribosomal protein in the
403
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tumor cells was inhibited in orthotopic tumors of mice
treated with everolimus alone or with everolimus and
nilotinib in combination (Figure 4C). Inhibition of mTOR
signaling by treatment with everolimus was confirmed by
Western blot analysis (Figure 2D).

Histopathological Analysis of KM12SM Cecal Tumors

KM12SM cells orthotopically implanted into the cecum of
nude mice grew invasively, as aggressive tumors with a
stromal reaction. Under nilotinib treatment, the stromal
reaction was reduced, and tumors grew expansively. With
everolimus treatment, an active stromal reaction was
observed, and tumors grew invasively. Under treatment with
nilotinib and everolimus in combination, the inhibitory
effect of nilotinib on the stromal reaction was maintained
(Figure 4A). The stromal reaction in tumors was evaluated
as the area of a-SMA or type I collagen positivity. The
stromal reaction was significantly reduced in mice treated
with nilotinib, compared with that in the control group, but
in mice treated with everolimus the stromal reaction was
unchanged (Figure 4, D and E).
404
The Ki-67 labeling index was used as a marker of cell
proliferation (Figure 5A). The labeling index decreased
under treatment with everolimus alone and under treatment
with everolimus and nilotinib in combination; however,
there was no decrease in the labeling index in cecal tumors
under treatment with nilotinib alone. To determine whether
the drug treatment is associated with cellular apoptosis,
colonic tumors were examined by TUNEL assay. In tumors
from control mice, the median number of TUNEL-positive
tumor cells was only 2.1 � 0.64. The TUNEL-positive
cells increased in number in tumors from agent-treated
mice, with no statistically significant difference between
the three treatments (Figure 5B). The CD31 index was used
as a marker for microvessel density. We found reduced
microvessel density with everolimus treatment but no
change in microvessel density with nilotinib treatment.
Everolimus and nilotinib in combination yielded the greatest
decrease in microvessel density (Figure 5C). The difference
in microvessel density between everolimus treatment and
combination treatment was significant (P Z 0.028). We also
examined expression of the angiogenic factor VEGF-A.
Immunoreactivity of VEGF-A in tumor cells was markedly
ajp.amjpathol.org - The American Journal of Pathology
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Role of Microenvironment In Metastasis
suppressed under treatment with everolimus (Figure 5D). The
effect of nilotinib treatment on pericyte coverage of tumor-
associated endothelial cells was evaluated by double immu-
nofluorescence staining with anti-CD31 and anti-desmin
antibodies. The number of pericytes covering endothelial
cells decreased in the nilotinib treatment group (Figure 5E).

Effects of Treatment on KM12SM Tumors Growing in
the Liver of Nude Mice

We next examined the effects of nilotinib, everolimus, and the
two agents in combination on growth of KM12SM cells in the
experimental liver metastasis model (Table 2). Both the number
and volume of liver metastatic tumors decreased remarkably
Table 2 Results of Treatment of KM12SM Tumors Growing in the Live

Treatment group
Body weight,
g (range)

Control 19.6 (17.0e21.05)
Nilotinib (100 mg/kg) 21.7 (19.5e22.0)
Everolimus (1 mg/kg) 21.7 (20.0e23.0)
Nilotinib (100 mg/kg) þ everolimus (1 mg/kg) 23.0 (19.95e26.05)

The American Journal of Pathology - ajp.amjpathol.org
under combination therapy (P< 0.05) (Figure 3C). The number
of metastatic foci and total volume of the liver tumors tended to
decrease under treatment with each agent alone, but the dif-
ference was not significant. In two of the five mice in the
combination group, no metastatic liver tumor was observed
macroscopically, and no loss of body weight was observed in
the combination group (Table 2). Indeed, mice in the combi-
nation group tended to gain weight (Figure 3D).

Histopathological Analysis of KM12SM Metastatic Liver
Tumors

A marked stromal reaction was observed in the metastatic
KM12SM tumors in the mouse livers. In the control group,
r of Nude Mice

Tumor
incidence, n/N

Hepatic tumor
volume, mm3 (range)

Number of colonies
(range)

5/5 339.5 (9.5e703) 13 (4e14)
5/5 207.7 (19e449) 8.6 (5e12)
5/5 165.7 (6.5e575.5) 6.2 (1e14)
3/5 15.8 (4e53.5) 1.6 (1e4)
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Figure 6 Effects of nilotinib and/or everolimus on KM12SM metastatic liver tumors. A: Histological and immunohistochemical staining for a-SMA at the
periphery of metastatic tumors; within groups, image pairs depict the same lesion. B: Immunohistochemical staining for type I collagen at the center of
metastatic tumors. CeF: Analysis of cell proliferation (Ki-67), apoptosis (TUNEL), and angiogenesis (CD31 and VEGFeA). Vascular endothelial cells were
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tumor cells had infiltrated into the activated stroma, especially
at the border zone between the metastatic tumor nest and
normal tissue. The same infiltration was observed in mice
treated with everolimus (Figure 6A). A reduction in stromal
reaction was observed in mice treated with nilotinib or with
combination therapy. No change in stromal reaction was
observed in mice treated with everolimus alone (Figure 6B).
The Ki-67 labeling index decreased and the number of
TUNEL-positive cells increased under treatment with ever-
olimus alone, and these effects were remarkably greater in the
combination group (Figure 6, C and D). Microvessel density
decreased with everolimus, but did not change with nilotinib.
The change in microvessel density was most pronounced
406
with everolimus and nilotinib in combination (Figure 6E),
and the difference in microvessel density between everolimus
treatment and combination treatment was statistically signif-
icant (P Z 0.023). Immunoreactivity of VEGF-A in meta-
static liver tumor cells was markedly suppressed under
treatment with everolimus (Figure 6F).
Discussion

Here, we have shown that nilotinib (a PDGF-R tyrosine
kinase inhibitor) reduces stromal reaction and that ever-
olimus (an mTOR inhibitor) decreases proliferation and
ajp.amjpathol.org - The American Journal of Pathology
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increases apoptosis of tumor cells. In combination, these
molecular-target drugs significantly inhibited tumor growth,
stromal reaction, and angiogenesis not only at the site of
orthotopic implantation (cecum), but also at the site of
metastasis (liver).

Expression of PDGF-R in stroma has been reported to be
associated with a poor prognosis in several types of cancer,
including breast, prostate, and pancreatic cancers.25,26 We
have previously reported that PDGF-R is phosphorylated in
the stroma of human colon cancer tissues and that increased
expression levels are associated with tumor invasion and
metastasis.7 PDGF-B is expressed by cancer cells, whereas
PDGF-Rb is expressed mainly by stromal cells, including
CAFs and pericytes.11,23,27 Thus, PDGF-R expressing
stroma may be involved in crosstalk with malignant cells
that promotes growth and invasion, and thus metastasis.
Consistent with our previous studies of treatment with
imatinib (another PDGF-R tyrosine kinase inhibitor),6

treatment with nilotinib decreased the stromal reaction and
number of pericytes of cecal tumors and liver metastases.
However, the inhibitory effect on tumor growth was mini-
mal with administration of nilotinib alone, whether in vitro
or in vivo.

Here, we have shown that activation of mTOR signaling
occurs even in early-stage human colon cancer tissues, and
confirm that everolimus actually inhibits phosphorylation of
mTOR in vitro and in vivo. mTOR inhibition has been
shown to decrease neovascularization via inhibition of
VEGF expression by tumor cells.28e30 In accord with earlier
reports, everolimus inhibited tumor growth and VEGF
expression, leading to significant inhibition of angiogenesis
in tumor stroma.28e30

Pericyte recruitment is part of the development of normal
functional capillaries.31 Previous studies have shown that
the tumor-associated microvasculature in human colon
carcinoma tissues contains multiple pericytes, which may
protect endothelial cells against antiangiogenic therapy.32,33

Targeting VEGF receptors that act primarily on immature
blood vessels has attracted attention as a novel approach to
antiangiogenic therapy.34,35 Because nilotinib inhibits peri-
cyte coverage of tumor vasculature and everolimus inhibits
VEGF expression by tumor cells, combination therapy with
these drugs may produce synergistic antivascular effects.

To date, most preclinical studies of chemotherapy have
been performed in subcutaneous cell transplant models.
However, the orthotopic organ microenvironment has been
shown to influence the stromal reaction, cell differentiation,
and drug resistance.6 We therefore used an orthotopic model
for the present study. In clinical situations, the primary
tumor and regional lymph nodes of most patients with
advanced-stage CRC would be surgically resected, regard-
less of the presence of liver metastasis, to avoid colonic
obstruction and bleeding from tumor tissues. Although
complete resection can eliminate tumor cells from the pri-
mary site, microscopic metastasis might have already
occurred. Inhibition of tumor cell growth and invasion in the
The American Journal of Pathology - ajp.amjpathol.org
liver is therefore the most important focus of adjuvant
chemotherapy. In the present study, metastatic liver tumors
had a remarkable stromal reaction, like that of the primary
cecal tumors. Tumor nests were surrounded by active
stroma into which tumor cells infiltrated. No fibroblasts
reside in the liver, and sources of CAFs in metastatic liver
tumor have not been fully clarified. We have previously
reported that bone marrowederived mesenchymal stem
cells migrate to liver metastatic sites and differentiate to
CAFs. Imatinib inhibits migration and differentiation of
mesenchymal stem cells, and so inhibits stromal reac-
tion.27,36 Increased interstitial fluid pressure in solid tumors,
which is mediated by an increase in the stromal compart-
ment, acts as a barrier between tumor cells and normal tis-
sues against effective distribution of antitumor drugs.37 The
PDGF-R signaling pathway plays a critical role in the
control of interstitial fluid pressure.37,38 Inhibition of
PDGF-R signaling can decrease this pressure and enhance
the effects of simultaneously used chemotherapeutic
agents.10 Because treatment with nilotinib reduces the
stromal reaction and interstitial fluid pressure, everolimus
can be easily delivered to tumor tissues. Thus, the combi-
nation of nilotinib and everolimus had synergistic effects on
tumor growth and angiogenesis by inhibition of mTOR,
VEGF, and PDGF signaling.

In summary, nilotinib-everolimus combination therapy
targeting both tumor cells and stromal components resulted
in a remarkable inhibition of tumor growth at both the pri-
mary site and metastatic site. This is the first report to show
a promising effect on CRC of combination therapy with
both a PDGF-R tyrosine kinase inhibitor and an mTOR
inhibitor.
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