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Imatinib mesylate inhibits the proliferation-stimulating
effect of human lung cancer-associated stromal
fibroblasts on lung cancer cells
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Abstract. Platelet-derived growth factor (PDGF) is a signi-
ficant mediator in the proliferation of cancer-associated stromal
fibroblasts (CAFs). The inhibition of CAF proliferation by
blocking PDGF signaling could lead to a development of novel
cancer therapy. We analyzed whether inhibiting proliferation
of lung CAFs by Imatinib mesylate, which has inhibitory
activity on PDGF-receptor tyrosine kinase, could suppress
the proliferative activity of lung cancer cells which coexisted
in the tumor tissue. First, we established primary cultured
fibroblasts from human lung cancer tissues. RT-PCR analysis
showed that PDGF-receptors (PDGFRa and ) were more
highly expressed in the fibroblasts, whereas PDGFs (PDGF-A,
and -B) were more in lung cancer cell lines. Western blotting
showed that Imatinib treatment inhibited phosphorylation of
PDGFRB, Akt, and Erk1/2 in the fibroblasts. The treatment
also significantly inhibited the proliferative activity of the
fibroblasts. The inhibitory effects were exerted more definitely
in co-administering Imatinib and PDGF-BB, a dimer of the
polypeptide chains of B, than in administering Imatinib alone.
The conditioned media of the fibroblasts significantly increased
the proliferative activity of human lung cancer cell line A549
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compared to control culture medium. The proliferation-
stimulating effect on A549 cells decreased significantly in
the conditioned media of the primary cultured fibroblasts
that had been treated with Imatinib. Our results suggest that
Imatinib has antitumor activity which is exerted by reducing
the proliferation-stimulating effect of CAFs on lung cancer
cells, as well as inhibiting the proliferation of CAFs, by way
of blocking PDGF signaling.

Introduction

Lung cancer is the most common cause of cancer death with
its high incidence and poor prognosis in developed countries;
in the United States, it accounted for the deaths of 160,000
patients in 2008 (1). Despite radical resection of the primary
tumor and adjuvant chemotherapy, a large number of lung
cancer patients suffer from the recurrences (2-4). The poor
response to chemotherapy necessitates a development of
novel therapeutic strategies to delay recurrences or treat the
progressive disease.

Tumor tissue is composed of not only cancer cells but
also various stromal cells, such as fibroblasts, vascular cells,
and inflammatory cells (5). It has been demonstrated that the
behavior of tumor depends not only on genetic and epigenetic
alterations in the transformed cells but also on tumor micro-
environment (6-8). In many solid tumors, fibroblasts are a
major component of tumor stroma, and those in tumor stroma
express a myofibroblastic phenotype characterized by constant
expression of alpha-smooth muscle actin (a-SMA), and are
called cancer-associated stromal fibroblasts (CAFs) (9,10).
Tumor microenvironmental factors, including growth factors
and proteolytic enzymes produced and secreted by stromal
cells such as CAFs, influence various tumorigenic steps:
proliferation, invasion, angiogenesis and metastasis (11-14).

Platelet-derived growth factor (PDGF) is shown to be a
potent mitogen for fibroblasts and a significant mediator in
the development of stroma in various types of malignant
tumors (15-17). It plays a role as a dimer of the polypeptide
chains of A, B, C, or D (PDGF-AA, -AB, -BB, -CC, and -DD).
The PDGF isoforms interact with two tyrosine kinase receptors,
PDGFRa and 8; PDGFRa binds all isoforms except PDGF-
DD, whereas PDGFRS binds only PDGF-BB and PDGF-DD
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with high affinity (18). PDGFRS is reported to be expressed
on stromal cells in different tumor tissues (16,19-21).

Imatinib mesylate, also known as Gleevec, Glivec or STI
571, is a molecular-targeting agent to treat chronic myeloid
leukemia (CML) and gastrointestinal stromal tumors (GIST)
(22). In CML, the molecular target of Imatinib is c-Abl
tyrosine kinase, a Ber-Abl fusion protein, caused from t(9;22)
chromosomal translocation, and in GIST the target is c-Kit
tyrosine kinase constitutively activated by gain-of-function
mutation (23-25). Furthermore, Imatinib inhibits the tyrosine
kinase activity of PDGFR; it is also reported that treatment
with Imatinib can suppress the PDGF-mediated growth of
cancer cells and CAFs in in vitro and in vivo experiments
(26-30).

In this study, we analyzed the effects of Imatinib on CAFs,
which are exerted by blocking the PDGFR tyrosine kinase
activity, and examined the possibility of targeting CAFs as a
cancer therapy.

Materials and methods

Materials and cell lines. Recombinant human platelet-derived
growth factor-BB (PDGF-BB) was purchased from PeproTech
EC (London, UK). Imatinib mesylate (registered as Gleevec
or Glivec) was purchased from LKT Laboratories (St. Paul,
MN, USA) and was reconstituted in dimethyl sulfoxide
(DMSO). The stock solution was diluted with DMSO to the
appropriate concentrations and immediately administered to
the cells for each experiment. The same amount of DMSO
(vehicle) was used for negative controls. Human cell lines
used for this study were obtained from different institutes;
lung carcinoma A549 and adult skin fibroblast TIG-112 were
from Health Science Research Resources Bank (Tokyo,
Japan), colon carcinoma SW480 from Cell Resource Center
for Biomedical Research (Tohoku University), lung carcinomas
H23 and H522 from National Cancer Institute, National
Institutes of Health (Frederick, MD, USA), lung carcinoma
H1299 from American Type Culture Collection (ATCC)
(Manassas, VA, USA), and embryonic lung fibroblast WI-38
from Riken Bioresource Center (Tsukuba, Japan). All cell
lines were grown in Dulbecco's modified Eagle's medium/F-12
(DMEM/F-12) (Wako) which contained 10% fetal bovine
serum (FBS) (Cambrex, Walkersville, MD, USA). Monoclonal
mouse antibody raised against human alpha-smooth muscle
actin («-SMA) was supplied by Sigma-Aldrich (1A4; Saint
Louis, MO, USA). Antibodies specific for PDGFRS, phospho-
PDGFRS, Akt, phospho-Akt Erk1/2, and phospho-Erk1/2
were obtained from Cell Signaling Technologies (3169, 3166,
9272,9271,9102, and 9101, respectively; Danvers, MA, USA).

Primary culture of human lung fibroblasts. The samples were
obtained from seven patients undergoing lung resection for
lung cancer with the approval of the local ethics committee
after obtaining written informed consents from the patients.
For isolation of primary cultured fibroblasts from normal and
cancer tissues of human lung, minced fragments of the lung
tissue were incubated in DMEM/F-12 mixed with 3,000 U/ml
dispase (Sankojunyaku, Tokyo, Japan) and 500 U/ml col-
lagenase Type IV (Sigma-Aldrich) for 30 min at room
temperature. The primary cultured fibroblasts were grown
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in DMEM/F-12 + 10% FBS which contained 50,000 U/ml
penicillin and 50,000 pg/ml streptomycin, and incubated at
37°C in 5% CO,-atmosphere. We named the primary cultured
fibroblasts from normal lung tissues respectively FK-1, 2, 3
and 4, and those from lung cancer tissues CK-1, 2, 3 and 4.

Experiments were performed on those between passages 4
and 7.

Preparation of conditioned media. For obtaining conditioned
media, the fibroblasts (TIG-112, WI-38, FK-1, 2, 3 and 4,
CK-1, 2,3 and 4) were respectively seeded in a 10-cm culture
dish in DMEM/F-12 + 10% FBS, and were grown to 80-90%
confluence. Thereafter, they were incubated in serum-reduced
media (DMEM/F-12 + 0.5% FBS) for 4 h, and then in 10 ml
DMEM/F-12 + 0.5% FBS for 48 or 96 h after media exchange.
Subsequently, the supernatants were collected. They were
clarified by centrifugation at 1200 xg for 5 min, and were
used fresh as the conditioned media or stored at -80°C until
use.

Immunohistochemistry. Paraffin-embedded serial tissue
sections of 5-um thickness were dewaxed, rehydrated,
quenched with 0.3% H,0O,/methanol, and blocked with 10%
goat serum. The primary antibody for a-SMA was applied
at a dilution of 1:200 for 60 min at room temperature.
Immunohistochemical reactions were visualized with the
Histofine Simple Stain MAX-PO (Multi) and DAB substrate
Kit (Nichirei, Tokyo, Japan). The sections were counterstained
with hematoxylin. Immunostaining of negative controls was
carried out by replacing the primary antibody with mouse
preimmune IgG (Dako, Glostrup, Denmark).

RNA extraction and RT-PCR analysis. Total RNA was
extracted from monolayer cultures of fibroblasts or cancer
cell lines with TRIzol (Invitrogen, Carlsbad, CA, USA),
according to the manufacturer's instruction. Total RNA of
1 pg was reverse transcribed by using Random-pdN6 Primer
and M-MLV reverse transcriptase (Invitrogen). It was then
amplified by using polymerase chain reaction (PCR) as
follows: 2 ul template complimentary DNA (cDNA), 0.2 mM
dNTPs, 1.25 U/ul Go Taq polymerase (Promega, Madison,
WI, USA) and different primer sets (0.5 yM each) in 50 pl
water; 30 sec heat denaturing at 95°C, 30 sec annealing at the
melting temperature, and 1-min elongation at 72°C in 30 cycles.
The termination cycle included an extension at 72°C for 5 min.
The primers were purchased from Frontier Science (Ishikari,
Japan). The primer sequences and their melting temperatures
are presented in Table I. PCR products were electrophoresed
in a 2.0% agarose gel and photographed under UV.

Protein extraction, SDS PAGE and Western blotting. For
studying the effects of Imatinib and PDGF-BB on protein
expression, the primary cultured fibroblasts FK-1 and CK-1
were serum-starved (0.05% FBS) for 48 h, treated with
different concentrations of Imatinib (1 or 10 zM) for 4 h, and
then either stimulated or not stimulated with 50 ng/ml of
PDGF-BB for 10 min. The concentrations of Imatinib were
relevant to the clinical concentrations of the drug. Thereafter,
the cells were washed with ice-cold PBS and lysed in TNE
buffer (20 mM Tris-HCI pH 7.5, 150 mM NacCl, 1% NP-40,
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Table I. Sequence of primer sets for RT-PCR.
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Target gene Primer Sequence Tm Product size

a-SMA Forward 5'-CCAACCGGGAGAAAATGACTCAAATT-3' 55 389
Reverse 5'-AGGCAACTCGTAACTCTTCTCAAGG-3'

FAP Forward 5'-CCAGCAATGATAGCCTCAA-3' 50 472
Reverse 5'-TAACACACTTCTTGCTTGGA-3'

PDGF-A Forward 5'-CCCCTGCCCATTCGGAGGAAGAG-3' 62 227
Reverse 5'-TTGGCCACCTTGACGCTGCGGTG-3'

PDGF-B Forward 5'-CCTTTGATGATCTCCAACGC-3' 59 350
Reverse 5'-GATCTTTCTCACCTGGACAG-3'

PDGFRa Forward 5'-GAAGCTGTCAACCTGCATGA-3' 58 187
Reverse 5'-CTTCCTTAGCACGGATCAGC-3'

PDGFRB Forward 5'-GTGAACGCAGTGCAGACTGT-3' 58 220
Reverse 5'-AGGTGTAGGTCCCCGAGTCT-3'

GAPDH Forward 5'-TGAAGGTCGGAGTCAACGGATTTGGT-3' 60 983
Reverse 5'-CATGTGGGCCATGAGGTCCACCAC-3'

Tm, melting temperature.

1 mM EDTA) mixed with protease inhibitor cocktail (Roche
Diagnostics, Mannheim, Germany) and phosphatase inhibitor
cocktail (Sigma-Aldrich). The protein in the samples was
measured by a modified Lowry method, with the use of
DC Protein Assay (Bio-Rad, Hercules, CA, USA), and 10 ug
of total protein was separated by SDS-PAGE using 7.5%
polyacrylamide gels. Following electroblotting the protein
onto PVDF membranes, immunodetection was carried out
with a 1:1000 dilution of respective primary antibodies for
PDGFRS, phospho-PDGFRS, Akt, phospho-Akt Erk1/2, and
phospho-Erk1/2, and a 1:20000 dilution of goat anti-rabbit or
anti-mouse secondary antibody conjugated to horseradish
peroxidase (GE Healthcare UK, Buckinghamshire, UK).
Antigen-antibody complexes were visualized with chemi-
luminescence HRP substrate (Millipore, Billerica, MA, USA)
and LAS-1000 image analyzer (Fuji Film, Tokyo, Japan).

WST-8 cell proliferation assay. Human lung cancer cell lines
A549, H23 and H522 were seeded (2,500 cells/well) in a
96-well plate and maintained for 24 h in DMEM/F-12 + 10%
FBS. After pre-incubation in DMEM/F-12 + 0.5% FBS for
4 h, the cancer cells were incubated for 48 or 96 h either in
DMEM/F-12 + 0.5% FBS (control) or in the conditioned media
that had been generated as described earlier. Cell proliferative
activity was assessed by the colorimetric WST-8 assay
(Dojindo, Kumamoto, Japan), according to the manufacturer's
instructions.

For studying the effects of Imatinib and PDGF-BB on
cell proliferation, the primary cultured fibroblasts FK-1
and CK-1 were seeded (2,500 cells/well) in a 96-well plate

and maintained for 48 h in DMEM/F-12 + 10% FBS. The
fibroblasts were pre-incubated in DMEM/F-12 + 0.5% FBS
for 4h, followed by incubation in DMEM/F-12 + 0.5% FBS
with different concentrations of Imatinib (1 or 10 M), with
or without PDGF-BB (20 ng/ml), for 72 h. WST-8 assay was
performed thereafter. The final concentration of DMSO was
0.1% in each experiment, and any effect on cell proliferation
was excluded by appropriate control measurements as indicated
in the figures.

Statistical evaluation of data. Data are presented as means +
standard deviation (SD). Differences between groups were
compared by Kruskal-Wallis H-test and Mann-Whitney U
test. P<0.05 was considered significantly different.

Results

Expression of a-SMA in surgical specimens of human lung
carcinoma. We first confirmed the presence of CAFs in lung
carcinoma by immunohistochemistry. In 14 human lung
carcinoma samples, we analyzed the expression of a-smooth
muscle actin (a-SMA), a molecular marker of CAFs. The
representative images of a-SMA staining are shown in Fig. 1.
Expression of a-SMA was observed in stromal cells of all
14 specimens, whereas the expression was not detected in
cancer cells (Fig. 1A-D). In the cases of advanced lung
carcinoma, a-SMA was strongly expressed in tumor stroma.
The a-SMA-positive fibroblasts were spindle-shaped and
complicatedly surrounding cancer cells (Fig. 1A and B). In
bronchioloalveolar carcinoma, a layer of a-SMA-positive
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Negative control

Figure 1. Immunohistochemistry of serial sections of human lung cancer tissues against a-SMA. The immunostaining for a-SMA shows a myofibroblastic
phenotype of CAFs that are localized within the stroma. a-SMA was strongly expressed in tumor stroma, but was not detected in cancer cells. Bronchial and
vascular smooth muscle cells physiologically expressed a-SMA in normal lung tissue.

fibroblasts was present, lining cancer cells (Fig. 1C). Further-
more, in lymph node metastasis as well, a-SMA-positive
fibroblasts were observed in the adjacency of cancer cells
(Fig. 1D). In normal lung tissue, however, no immunoreaction
to a-SMA was observed in stroma, while it was observed in
bronchial and vascular smooth muscle cells, which are known
to physiologically express a-SMA (Fig. 1E).

Expressions of PDGF-receptor (PDGFR) and PDGF in
fibroblasts and lung cancer cells. In order to investigate the
effects of Imatinib on CAFs in lung cancer tissue in vitro, we
established the primary cultured fibroblasts as described in
Materials and methods, FK-1, 2, 3, and 4 derived from four
normal lung tissues and CK-1, 2, 3, and 4 from four lung
cancer tissues. By using RT-PCR, we analyzed the expressions
of a-SMA and fibroblast activation protein (FAP), which are
molecular markers of CAFs, in the fibroblasts. As shown in

Fig. 2, both a-SMA and FAP were expressed in all the primary
cultured fibroblasts.

We next examined by RT-PCR the expressions of the
PDGFRa, 8 and PDGF-A, B in the cultured fibroblasts and
lung cancer cell lines. As shown in Fig. 2, all the 10 fibroblasts
examined expressed both PDGFRa and 3, whereas all the
four lung cancer cell lines examined were hardly positive for
either transcript. Expression of PDGF-A was observed in all
the fibroblasts; however, that of PDGF-B was not in any of
them. The expressions of PDGF-A and -B were higher in the
lung cancer cell lines than in the fibroblasts.

Imatinib inhibits tyrosine kinase activity of PDGFR and the
downstream signal transduction of PDGFR in fibroblasts.
Having confirmed that PDGF-BB induced the tyrosine kinase
activity of PDGFRB in fibroblasts, we investigated whether
Imatinib inhibited the induced kinase activity. After serum-
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Figure 2. RT-PCR analysis of the expressions of a-SMA, FAP, PDGFs and PDGF-receptors in ten cultured fibroblasts and five cancer cell lines. Three
independent experiments were performed on each cultured fibroblast and cancer cell line with similar results. Representative results are shown. SW480, a
colon cancer cell line, was used as positive control for PDGFs. The expression of GAPDH was confirmed as internal control. Mk, molecular weight marker;

NC, negative control (without template).
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Figure 3. Effects of Imatinib on the activation of PDGFRS, protein kinase Akt and Erk1/2 in fibroblasts. The phosphorylation of protein was evaluated by
SDS-PAGE and Western blotting. PDGF-BB induced phosphorylation of PDGFRS in the primary cultured fibroblasts FK-1 and CK-1. The phosphorylation
of PDGFRS was almost completely inhibited by 1 #M Imatinib. PDGF-BB-induced phosphorylation of Akt and Erk1/2 was significantly reduced by Imatinib
in both the fibroblasts. Three independent experiments were performed on both types of fibroblasts with similar results.

starvation (0.05% FBS, 48 h), the primary cultured fibroblasts
FK-1 and CK-1 were treated with 1 or 10 xM Imatinib for
4 h and then stimulated with 50 ng/ml PDGF-BB for 10 min.
The protein lysates of the fibroblasts were subjected to Western
blotting with anti-PDGFRS or anti-phosphorylated PDGFRf
(Tyr751). As clearly shown in Fig. 3, PDGF-BB induced
PDGFRS phosphorylation in both types of fibroblasts (Fig. 3,
lanes 4 and 10 of PDGFRSB). The phosphorylation of
PDGFRS was almost completely inhibited by 1 yM Imatinib,
while the total amount of PDGFRS protein did not change
significantly (Fig. 3, lanes 5 and 11 of PDGFRB).

It is known that activated PDGFRs activate the downstream
signaling of PI3K-Akt and Ras-MAPK(Erk1/2) to promote
cell growth. Therefore, we examined the activation levels
of Akt and Erk1/2 in PDGF-BB-stimulated fibroblasts.
PDGF-BB expectedly induced phosphorylation of Akt and

Erk1/2 in both the fibroblasts (Fig. 3, lanes 4 and 10 of Akt
and Erk1/2, respectively). We then investigated the effects of
Imatinib on the activation of Akt and Erk1/2 by PDGF-BB.
The treatment with Imatinib resulted in significant reductions
of the phosphorylation of Akt and Erk1/2 in both the fibroblasts
in a concentration-dependent manner (Fig. 3, lanes 5, 6, 11
and 12 of Akt and Erk1/2, respectively).

Imatinib inhibits the PDGF-induced proliferation of
fibroblasts. We next examined the effects of Imatinib on cell
proliferation of the cultured fibroblasts, since we had observed
that Imatinib inhibited the kinase activity of PDGFR and
the downstream signal transduction. The primary cultured
fibroblasts FK-1 and CK-1 were incubated in serum-reduced
media (DMEM/F-12 + 0.5% FBS) with two different concen-
trations of Imatinib (1 or 10 M), with or without PDGF-BB
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Figure 4. Effects of different concentrations of Imatinib on proliferative
activity of fibroblasts. Cell proliferative activity was measured by WST-8
assay. The medium that contained both Imatinib and PDGF-BB exerted more
inhibition on the proliferative activities of the primary cultured fibroblasts,
(A) FK-1 and (B) CK-1, than the one with Imatinib alone. Three independent
experiments were performed on both the fibroblasts with similar results.
Values represent the means + SD of quadruplicate measurements. Results were
statistically evaluated by Kruskal-Wallis H-test and Mann-Whitney U test.
P<0.05 was considered significantly different.

(20 ng/ml), for 72 h. The cell proliferation was measured by
WST-8 assay thereafter. As shown in Fig. 4, proliferation of
both the fibroblasts was significantly decreased to about a
half in 10 xM Imatinib treatment compared with that in
DMSO (p<0.05), although 1 M Imatinib did not lead to a
significant decrease. Statistically significant 1.5- to 1.7-fold
increases of proliferation were observed in PDGF-BB
(+DMSO) treatment compared with that in DMSO alone
(p<0.05). However, Imatinib significantly inhibited the cell
proliferative activity promoted by PDGF-BB in a concen-
tration-dependent manner (p<0.05). There was no significant
difference in the cell proliferation between control and DMSO.

Conditioned media of cultured fibroblasts increase the
proliferative activity of lung cancer cells. In order to study
the functional effects of lung CAFs on the proliferation of
lung cancer cells, we examined the proliferation-stimulating
effect of the supernatants of cultured fibroblasts on lung cancer
cells. We prepared the conditioned media (CM) of the 10
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Figure 5. Effects of fibroblast-derived supernatants on proliferative activity
of lung cancer cells. Cell proliferative activity was measured by WST-8
assay. (A) The conditioned media (CM) of all the fibroblasts promoted the
proliferative activity of A549 cells. (B) The CM of the primary cultured
fibroblasts, FK-1 and CK-1, promoted the proliferative activity of A549 cells
in a dose-dependent manner. (C) The CM of FK-1 and CK-1, respectively
promoted the proliferative activities of H23 and H522 cells. Each experiment
was performed at least three times with similar results. Values represent the
means + SD of quadruplicate measurements. Results were statistically
evaluated by Kruskal-Wallis H-test and Mann-Whitney U test. P<0.05 versus
control was considered significantly different.

cultured human fibroblasts (TIG112, WI-38, FK-1, 2, 3, 4,
and CK-1, 2, 3, 4). Human lung cancer cell line A549 was
incubated in the respective CM for 48 h, and their proliferative
activities were measured by WST-8 assay. As shown in
Fig. 5A, all the CM significantly increased the proliferation
of A549 cells to 1.9- to 2.3-fold in comparison to control
medium (DMEM + 0.5% FBS) (p<0.05). The CM of FK-1 and
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Figure 6. Effects of the conditioned media (CM) of Imatinib-treated
fibroblasts on the proliferative activity of A549 cells. The CM were
obtained from the fibroblasts, (A) FK-1 and (B) CK-1, which had been
treated with different concentrations of Imatinib. Cell proliferative activity
was measured by WST-8 assay. The CM of DMSO-treated fibroblasts
increased the proliferative activity of A549 cells in comparison to control
medium (DMEM/F-12 + 0.5% FBS) with DMSO. The cell proliferation was
significantly decreased after 72-h incubation in the CM of 10 M Imatinib-
treated fibroblasts, compared with that in the CM of DMSO-treated
fibroblasts. Three independent experiments were performed on both the
fibroblasts with similar results. Values represent the means + SD of
quadruplicate measurements. Results were statistically evaluated by Mann-
Whitney U test. P<0.05 was considered significantly different.

CK-1 respectively increased the proliferation of A549 cells
significantly in a concentration-dependent manner (Fig. 5B).
Likewise, the proliferation of two other lung cancer cell
lines, H23 and H522, was significantly increased after 96-h
incubation in the CM of FK-1 and CK-1 respectively, in
comparison to control medium (Fig. 5C) (p<0.05).

Imatinib reduces the proliferation-stimulating effect of
fibroblasts on cancer cells. Finally, we investigated whether
Imatinib inhibited the proliferation-stimulating effect of lung
fibroblasts on lung cancer cells. The primary fibroblasts
FK-1 and CK-1 were respectively treated with DMSO, 1 uM
Imatinib or 10 #M Imatinib, for 96 h, and then the conditioned
media (CM) were obtained as described in the Materials and
methods. A549 cells were incubated in the respective CM for
72 h, and then their proliferative activities were measured by
WST-8 assay. As shown in Fig. 6, the CM of DMSO-treated
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fibroblasts significantly increased the proliferation of A549
cells in comparison to control medium (DMEM/F-12 + 0.5%
FBS) with DMSO. However, the cell proliferation was
significantly decreased to 58-61% after 72-h incubation in
the CM of 10 M Imatinib-treated fibroblasts compared
with that in the CM of DMSO-treated (p<0.05), although
there was little decrease after incubation in the CM of 1 uM
Imatinib-treated. The proliferation of A549 cells was not
significantly inhibited by the incubation in control medium
to which 1 or 10 xM Imatinib had been added directly,
compared with that in control medium with DMSO.

Discussion

It has been shown that tumorigenesis is influenced and
controlled by complicated cellular interactions between
cancer cells, stromal cells, and extracellular matrix (ECM)
components. There is also growing evidence that tumor stroma
plays a significant role in cancer formation (11-14). Fibro-
blasts are a major component of tumor stroma in many solid
tumors. It is suggested therefore that inhibition of fibroblast
activity could lead to suppression of tumor development and
progression (28-31).

We particularly noted the two reports that Imatinib has
anti-fibroblastic effects on bleomycin-induced pulmonary
fibrosis in a mouse model (32) and that the effects of Imatinib
are exerted by blocking PDGFRs (33). Based on these reports,
we suspected that inhibiting the proliferation of lung cancer-
associated stromal fibroblasts (CAFs) by Imatinib might
indirectly suppress the proliferation of lung cancer cells.

Our results of the cell proliferation assay in vitro showed
that the conditioned media of lung CAFs (CK-1, 2, 3, and 4)
increased the proliferation of lung cancer cells (Fig. 5).
The results indicated that the conditioned media of CAFs
contained some soluble growth stimulants which promoted
the proliferative activity of lung cancer cells. Our results
of immunohistochemistry showed that CAFs accounted for
most of the lung cancer tissue and were present in the close
vicinity of cancer cells, surrounding them (Fig. 1). Taken
together, these findings suggested that the growth stimulants
produced by CAFs in lung tumor promoted the proliferation of
lung cancer cells in a paracrine manner. Furthermore, other
reports have shown that growth factors and angiogenic factors,
such as HGF, FGFs and VEGF, were induced or up-regulated
in CAFs and that the up-regulation promoted proliferation and
progression of cancer cells (34-38). Conversely, paracrine
stimulation by PDGFs secreted from cancer cells has been
shown to induce CAFs in tumor stroma to recruit and
proliferate in in vivo transplant tumor models of melanoma
(15), breast carcinoma (17), colorectal carcinoma (39), and
lung carcinoma (40). Other reports of immunohistochemical
analysis of human colorectal and breast cancer tissues
suggested that stromal fibroblasts responded to PDGFs in a
paracrine manner (39,41,42). Those reports showed that
cancer cells in tumors, lacking the expression of PDGFRs,
expressed PDGFs, whereas stromal fibroblasts expressed
PDGFRs. Consistent with these findings, our results of
RT-PCR analysis showed that PDGFs were more highly
expressed in the lung cancer cell lines, whereas PDGFRs
were expressed in all the cultured fibroblasts (Fig. 2). Our
results also showed that PDGF-BB stimulated the kinase
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activity of PDGFRS (Fig. 3) and increased the proliferative
activity of the primary cultured lung fibroblasts in vitro
(Fig. 4). Namely, these data indicate that the PDGF signaling
pathways can play an important role in stromagenesis, and
subsequently in cancer progression.

Imatinib mesylate is known to selectively inhibit the
tyrosine kinase activity of PDGFR in addition to those of
c-Abl and c-Kit (23-25). The present study also demonstrated
that Imatinib blocked the kinase activity of PDGFR and
suppressed the downstream signaling (Fig. 3), which inhibited
the in vitro proliferation of CAFs of human lung cancer tissue
(Fig. 4). In particular, the inhibitory effect of proliferative
activity of CAFs was exerted more definitely in the medium
that contained both Imatinib and PDGF-BB than in the
medium with Imatinib alone. These findings indicate that
Imatinib inhibits cell proliferative activity predominantly by
blocking activated (phosphorylated) PDGFR. Furthermore,
our results showed that the conditioned medium of the CAFs
that had been treated with Imatinib had a decreased effect
on the proliferation of lung cancer cells in comparison to that
of the CAFs untreated with Imatinib (Fig. 6). The findings
indicate that Imatinib treatment decreased the concentration
of some soluble growth stimulants secreted by CAFs in the
conditioned media, resulting in a decrease of proliferative
activity of lung cancer cells. We suspect that the decrease
was mainly due to the reduced number of CAFs because of
blocking PDGF signaling by Imatinib, based on the findings
that Imatinib inhibited DNA synthesis in CAFs (28) and
increased the incidence of apoptosis in CAFs (29). However,
we have not yet been able to identify the soluble growth
stimulants secreted by CAFs and involved in the increase
of proliferation of lung cancer cells. As an experimental
material, primary cultured fibroblasts have the advantage that
they retain the complexity and heterogeneity of mesenchymal
cell biology and differentiation in vivo, since they contain
endothelial and inflammatory cells at the culture establish-
ment. On the other hand, it is difficult to definitely identify
the cellular origin of CAFs because of the heterogeneity.
Considering the heterogeneity, we could suggest that the
phenotypes of the cultured CAFs were not uniform, and that
the CAFs with differential phenotypes respectively secreted
various growth stimulants; and thus blocking PDGFRs could
inhibit only a part of these growth stimulants.

A recent report showed that blocking PDGF signaling in
CAFs by Imatinib reduced proliferation and anigiogenesis of
cervical cancer in an in vivo mouse model, through a mecha-
nism suppressing the expressions of fibroblast growth
factor-2 (FGF-2) and fibroblast growth factor-7 (FGF-7) (30).
Another report suggested that stromal cell-derived factor-1
(SDF-1) secreted from CAFs played an important role in tumor
growth and angiogenesis of invasive human breast carcinoma
(13). We performed RT-PCR analysis to examine the
expressions of FGF-2, FGF-7, and SDF-1 in the primary
cultured lung fibroblatsts FK-1 and CK-1, and found that the
expressions of these growth factors and cytokines were not
affected by Imatinib treatment (data not shown). We suspect
that growth factors different from these are involved in lung
carcinoma.

There was no significant difference in our results between
the primary cultured fibroblasts CK-1 used as CAFs and
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FK-1 used as normal lung fibroblasts (Figs. 2-6). Despite
their origin of normal lung tissue, FK-1,2, 3, and 4 expressed
myofibroblastic phenotypes, a-SMA and FAP, and their
conditioned medium had the proliferation-stimulating effects
on lung cancer cells. A previous in vitro study reported
that stromal cells isolated from human normal breast tissue
expressed a-SMA in culture medium with serum in four or
five days (43); the authors discussed that all stromal cells
derived from normal human breast tissue retained the poten-
tiality to alter the phenotypes of typical fibroblasts to those
of myofibroblasts. They also argued that the phenotypic
alteration was induced by external stimuli, such as serum in
medium and tumorigenesis, and that the alteration was a
general response of stromal cells. In accordance to their
explanation, myofibroblastic phenotypes were observed in
FK-1, 2, 3, and 4 in our study. The findings suggest that
normal fibroblasts of the host could be the origin of CAFs,
and that normal fibroblasts could easily convert to CAFs
under a culture condition.

CAFs themselves are expected to be a candidate target for
a new cancer therapy (44). It has been suggested that interstitial
fluid pressure (IFP) of tumor stroma causes difficulty for
anticancer drugs in reaching cancer cells effectively, since
IFP of tumor stroma is higher due to rich CAFs and ECM
than that of normal stroma, which is a typical property of
most solid tumors (45). Tumor interstitial hypertension,
which high IFP often causes, has been documented clinically in
many types of solid tumors, e.g., breast carcinoma, metastatic
melanoma, head and neck carcinoma, and liver metastases of
colorectal carcinoma (46-48). Other reports suggested that
blocking PDGFRs by Imatinib inhibited the growth of tumor
stroma and increased drug uptake by decreasing IFP to enhance
the transvascular transport of drugs in in vivo tumor models
(49,50). In these studies, Imatinib treatment in combination
with other anticancer drugs decreased the tumor growth,
while no effects were observed on the tumor growth in Imatinib
treatment alone. Our data also indicate that Imatinib inhibits
the proliferation of CAFs, suggesting that chemotherapy
combined with Imatinib could improve the therapeutic effects
and prognosis of lung cancer.

In conclusion, we have demonstrated that Imatinib has
antitumor activity which is exerted by reducing the pro-
liferation-stimulating effect of CAFs on lung cancer cells, as
well as inhibiting the proliferation of CAFs themselves, by
way of blocking PDGF signaling. We expect that targeting
tumor stroma, particularly CAFs, and its mechanisms will
offer a new direction and potential for future cancer therapies.
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