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Abstract

Introduction

Tumor stroma plays an important role in cancer
development. In a variety of tumors, such as breast
carcinomas, a desmoplastic response, characterized by
stromal fibroblast and collagen accumulation, is
observed having synergistic effects on tumor
progression. However, the effect of known anticancer
drugs on stromal cells has not been thoroughly
investigated. Imatinib mesylate is a selective inhibitor of
several protein tyrosine kinases, including the receptor
of platelet-derived growth factor, an important
mediator of desmoplasia. Recently, we have shown that
imatinib inhibits the growth and invasiveness of human
epithelial breast cancer cells. Here, we studied the
effect of imatinib on the proliferation and collagen
accumulation in breast stromal fibroblasts. We have
shown that it blocks the activation of the extracellular
signal-regulated kinase and Akt signaling pathways and
up-regulates cyclin-dependent kinase inhibitor p21WAF1,
leading to the inhibition of fibroblast proliferation, by
arresting them at the G0/G1 phase of the cell cycle.
Imatinib inhibits more potently the platelet-derived
growth factor – mediated stimulation of breast fibroblast
proliferation. By using specific inhibitors, we have found
that this is due to the inhibition of the Akt pathway.
In addition, imatinib inhibits fibroblast-mediated
collagen accumulation. Conventional and quantitative
PCR analysis, as well as gelatin zymography, indicates
that this is due to the down-regulation of mRNA
synthesis of collagen I and collagen III—the main
collagen types in breast stroma—and not to the
up-regulation or activation of collagenases matrix
metalloproteinase 2 and matrix metalloproteinase 9.
These data indicate that imatinib has an antifibrotic
effect on human breast stromal fibroblasts that may
inhibit desmoplastic reaction and thus tumor
progression. (Mol Cancer Res 2008;6(5):706 – 14)

As the majority of human malignancies is epithelial
carcinomas, the main anticancer research effort has been
directed against these neoplastic cells. However, cancer cells
do not act alone, but rather coexist with their specific
microenvironment. Tumor stroma contains many cell types,
most important of which are fibroblasts, which, via the
secretion of extracellular matrix components, growth factors,
and proteases, affect crucially tumor development (1-4). In
many solid tumors, predominately in the breast, carcinomas are
characterized by a specific stromal reaction called desmoplasia,
often referred to as scirrhous carcinoma (2, 5). This reaction
is classically described by the proliferation of fibroblasts
adjacent to the tumor and the overproduction of extracellular
matrix components, mainly collagen. Moreover, it has been
shown in human breast carcinomas that the major initiator of
tumor desmoplasia is platelet-derived growth factor (PDGF)
secreted by cancer cells and acting in a paracrine manner on
stromal fibroblasts (6). Finally, this reaction exhibits synergistic
effects on breast carcinoma progression (6), whereas carcinomas bearing desmoplastic stroma are associated with poor
prognosis (7, 8).
Tumor stroma fibroblasts (termed ‘‘activated fibroblasts’’ or
‘‘cancer-associated fibroblasts’’), although they share many
morphologic and functional similarities with fibroblasts from
other locations and pathologic conditions, exhibit a distinct
gene expression profile (1, 9). In particular, they express a
‘‘myofibroblast’’ phenotype characterized by the concurrent
expression of a-smooth muscle actin and vimentin, stress
fibers, and a prominent rough endoplasmatic reticulum, among
others (1). The origin of these cells is still a matter of debate, as
it has been proposed that these myofibroblasts can be recruited
from residential fibroblasts (10), from circulating CD-34 –
positive cells (11), or from epithelial tumor cells after an
epithelial-mesenchymal transition (12). However, although the
importance of stromal cells in tumor development is now
supported by clinical studies and other experimental models
(13-15), the effect of known anticancer drugs on these cells has
not been thoroughly investigated.
Imatinib mesylate (also known as Gleevec or STI571) is a
2-phenylaminopyrimidine derivative that is a competitor of
ATP and inhibits specific tyrosine kinases, such as Brc-Abl
(the leading cause of chronic myelogenous leukemia), as well
as c-Kit and PDGF receptors, which regulate major cellular
events in several solid tumors (16). A number of studies have
shown an inhibitory effect of imatinib on the growth of a
variety of tumor cell types, such as of myeloid, lung, thyroid,
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FIGURE 1. Effect of imatinib mesylate on the
viability of human breast stromal fibroblasts. Cells
were grown until confluency and were then
incubated for 24, 48, or 72 h in the presence of
the indicated concentrations of imatinib. Cell
viability was then estimated with an MTT assay.
Each point represents the average of four wells.
One representative of three similar experiments is
shown here.

pancreatic, osteosarcoma, or ovarian origin (17-24). In addition,
it is currently used for the treatment of chronic myelogenous
leukemia and gastrointestinal stromal tumors (25, 26). Recently,
we have shown that imatinib inhibits also the proliferation and
invasiveness of a panel of human epithelial breast cancer cells
with different invasion potential (27, 28). So, having in mind
that breast carcinomas are often characterized by a desmoplastic
stromal reaction and the role of the latter in cancer growth, we
studied the effect of imatinib on the proliferation of human
breast fibroblasts and the production of collagen, as well as the
molecular mechanisms underlying these events.

Results
Imatinib Inhibits the Proliferation of Human Breast
Fibroblasts
First, we studied the effect of imatinib on the viability of
human breast fibroblasts. Confluent cultures of fibroblasts in
the presence of serum were incubated with increasing
concentrations of imatinib up to 10 Amol/L for a 1-day,

2-day, or 3-day period, and cytotoxicity was measured by using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. As shown in Fig. 1, even at a concentration
of 10 Amol/L, imatinib had no effect on fibroblast viability.
Interestingly, imatinib had also no cytotoxic effect on
fibroblasts growing in the absence of serum (not shown).
Subsequently, the effect of imatinib on the proliferation of
breast fibroblasts was investigated. In subconfluent fibroblast
cultures, in the presence of serum, increasing concentrations of
imatinib from 0.1 to 10 Amol/L were added and novel DNA
synthesis was estimated after a 24-hour incubation by
measuring [3H]thymidine incorporation. As can be seen in
Fig. 2A, imatinib inhibited fibroblast proliferation in a dosedependent manner; a slight inhibition can be observed also from
the lowest concentration used, i.e., 0.1 Amol/L, and IC50 was
f1 Amol/L. Cell cycle analysis of imatinib-treated cells, done
by flow cytometry, revealed a significant, dose-dependent
decrease in S phase and an accumulation of cells in the G0/G1
phase; no obvious alterations in the proportion of the G2/M
phase were observed (Fig. 2B). In addition, we have not

FIGURE 2. Imatinib mesylate inhibits the proliferation of human breast stromal fibroblasts. A. Subconfluent fibroblast cultures, grown in DMEM
supplemented with 10% FCS, were treated with the indicated concentrations of imatinib in the presence of tritiated thymidine (0.1 ACi/mL). At 24 h after
treatment, DNA synthesis was estimated as described in Materials and Methods. Columns, average of four wells. Data are representative of six separate
experiments. B. Cells grown as in A were treated with 1 or 10 Amol/L imatinib and after 24 h, they were collected and subjected to cell cycle analysis by flow
cytometry, as described in Materials and Methods. One representative of four similar experiments is shown here.
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identified any subdiploid peak indicating, in accordance with
the results from the viability assay (Fig. 1), that the effect of
imatinib on human breast fibroblasts is cytostatic and not
cytotoxic, at least at the concentrations tested.
Subsequently, we have investigated the effect of imatinib on
the expression and activation of signaling molecules involved
in the regulation of cell proliferation. First, we studied the
activation of extracellular signal-regulated kinase (ERK) and
Akt. Addition of different doses of imatinib (1 and 10 Amol/L)
in proliferating cultures resulted in a dephosphorylation of both
molecules (Fig. 3A). The effect on Akt was acute in both doses
used, as a significant dephosphorylation was observed even
10 minutes after imatinib addition. On the other hand, the effect
on ERK was more postponed. This is mainly due to the addition
of the imatinib-containing solution that provokes a small
activation of ERK, as was observed in control experiments
FIGURE 4. Imatinib mesylate inhibits the PDGF-mediated proliferation
of breast fibroblasts. Confluent fibroblast cultures, arrested in DMEM
containing 0.1% FCS, were preincubated for 60 min with the indicated
imatinib concentrations and were then stimulated with PDGF (10 ng/mL).
Twenty four hours later, DNA synthesis was estimated as described in
Materials and Methods. Columns, average of four wells. Data are
representative of three separate experiments. *, P < 0.01.

(not shown here), most probably via a shear stress effect.
However, a significant dephosphorylation was observed at
30 minutes after imatinib addition and a more intense 1 hour
after treatment. Then, we examined the downstream cell cycle
regulators, i.e., the cyclin-dependent kinase inhibitor p21WAF1
and Rb protein that are involved in the control of G1-S phase
transition. As illustrated in Fig. 3B, at 6 and 12 hours after
imatinib addition, a significant increase of p21WAF1 is observed,
followed by the dephosphorylation of Rb. This is a dosedependent effect, as can be seen in Fig. 3C, where the result of
the treatment with 1 and 10 Amol/L imatinib is presented.
Cumulatively, these data are in accordance with the arrest of
fibroblast proliferation in the G0/G1 phase, as found by cell
cycle analysis (Fig. 2B).

FIGURE 3. Effect of imatinib mesylate on the regulation of signaling
pathways and cell cycle regulatory proteins in breast fibroblasts. A. In
subconfluent fibroblast cultures, new serum-containing medium was
added, and after 12 h, they were treated with imatinib (1 or 10 Amol/L).
Subsequently, the cells were collected at the indicated time points and
subjected to Western blot analysis by using antibodies against the
phosphorylated forms of ERK and Akt. The expression of total ERK and
Akt was used as loading controls. One representative of four identical
experiments is shown here. B. Cells were grown as in A and treated with
10 Amol/L of imatinib. Total cellular protein was collected at the indicated
time points and subjected to Western blot analysis by using antibodies
against p21WAF1 and Rb. The latter recognizes the phosphorylated and
unphosphorylated forms of the protein. Tubulin was used as a loading
control. One representative of three separate experiments is shown. C.
Cells were treated with 1 or 10 Amol/L of imatinib, collected
24 h later, and analyzed as in B.

Imatinib-Mediated Inhibition of Fibroblast Proliferation
Induced by PDGF
Next, we investigated the action of imatinib on the effect of
PDGF on breast fibroblasts, having in mind that imatinib
mesylate is a specific inhibitor of PDGF receptor. In
subconfluent arrested fibroblast cultures, PDGF was found to
strongly stimulate DNA synthesis, and this stimulation was
blocked by imatinib in a dose-dependent manner (Fig. 4).
Interestingly, this inhibition was more potent than that found in
serum-containing cultures (Fig. 2A) as, at 0.5 Amol/L, a
complete inhibition of DNA synthesis has been found. Imatinib
was also found to inhibit the PDGF-mediated activation of
MEK/ERK and phosphatidylinositol 3-kinase/Akt pathways
(Fig. 5). To understand which pathway is crucial for the PDGFmediated stimulation of proliferation and, thus, the inhibitory
effect of imatinib, we used two specific inhibitors of these
pathways, i.e., PD98059 (for the MEK/ERK pathway) and
LY294002 (for the phosphatidylinositol 3-kinase/Akt pathway).
As can be seen in Fig. 6, only LY294002 can effectively block
Mol Cancer Res 2008;6(5). May 2008
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PDGF-mediated stimulation of DNA synthesis, suggesting that
the inhibition of the Akt phosphorylation by imatinib may be
responsible for its inhibitory effect. Similar results were
obtained also with wortmannin, another phosphatidylinositol
3-kinase/Akt inhibitor (not shown).
The Effect of Imatinib on Collagen Synthesis by Human
Breast Fibroblasts
Subsequently, we examined the effect of imatinib on
collagen synthesis. By measuring [3H]proline incorporation
by the protease-free collagenase method, we have seen that
imatinib can effectively inhibit novel collagen synthesis by
breast fibroblasts (Fig. 7A). As the method used for measuring
collagen synthesis cannot discriminate between the types of
collagen synthesized and having in mind that collagen types I
and III are overexpressed in breast carcinoma (29), we did
quantitative PCR to examine the expression of collagen types I
and III, and we have found that imatinib inhibits the expression
of both genes after 6 and 24 hours of incubation (Fig. 7B).
Finally, we have investigated the effect of imatinib on the
expression of collagenases MMP-2 and MMP-9. To this end,
we cultured the cells either on plastic surfaces or within gels of
polymerized collagen, and after a 24-hour incubation in the
absence or presence of imatinib, the conditioned media were
subjected to gelatin zymography. As can be seen in Fig. 8,
when cultured on plastic surfaces, breast fibroblasts secrete
mainly pro – MMP-2, which is not affected by imatinib. These
data were also confirmed by measuring gene expression by
reverse transcription – PCR (data not shown). On the other
hand, when cultured in collagen gels, breast fibroblasts secrete
pro – MMP-9, pro – MMP-2, and activated MMP-2. Again the
secreted proteases were found to be unaffected by imatinib.
These data suggest that the inhibitory effect of imatinib on
collagen synthesis is probably due to the direct inhibition of
collagen I and collagen III transcription.

FIGURE 5. Imatinib mesylate inhibits PDGF-mediated ERK and Akt
activation. Confluent breast fibroblast cultures, arrested in DMEM
containing 0.1% FCS, were preincubated for 60 min with 10 Amol/L
imatinib and were then stimulated with PDGF (10 ng/mL). After 30 min, the
cells were collected and subjected to Western blot analysis by using
antibodies against the phosphorylated forms of ERK and Akt. The
expression of total ERK and Akt was used as loading controls. One
representative of three identical experiments is shown here.

FIGURE 6. Effect of kinase inhibitors on PDGF-mediated breast
fibroblast proliferation. Confluent fibroblast cultures, arrested in DMEM
containing 0.1% FCS, were preincubated for 60 min with PD98059
(25 Amol/L) and LY294002 (10 Amol/L). Then PDGF (10 ng/mL) was
added, and 24 h later, DNA synthesis was estimated as described in
Materials and Methods. Columns, average of four wells. Data are
representative of three separate experiments. *, P < 0.01.

Discussion
Recent studies have revealed the importance of tumor
stroma in cancer cell growth, invasion, and metastatic
progression (1, 13). In many human tumors, especially in the
breast, the tumor microenvironment is essentially different from
normal stroma, characterized by fibroblast proliferation,
accompanied by an accumulation of extracellular matrix
components, mainly collagen (2), a so-called ‘‘desmoplastic’’
reaction that exhibits synergistic effects on cancer growth (6). A
crucial factor in the initiation of desmoplastic reaction is PDGF.
Human breast cancer cells secrete PDGF ligands, whereas
stromal fibroblasts express PDGF receptors and thus respond to
these ligands in a paracrine manner (30-32). In addition, by
using a xenograft model with breast cancer cells that express
low-PDGF or high-PDGF levels, Shao and collaborators (2000)
have shown that PDGF plays a prominent role in the initiation
of this desmoplastic reaction. Accordingly, agents that can
interfere with PDGF signaling may have an inhibitory effect on
this stromal response and consequently on cancer growth.
Imatinib mesylate (alternatively called Gleevec or Glivec or
STI571) is an inhibitor of several protein kinases, i.e., c-Abl, cKit, and PDGF receptors (16). In addition, we have previously
shown that imatinib can inhibit the growth and invasiveness of
breast cancer epithelial cells (27, 28). So, based on the above,
we have studied the effect of this drug on primary cultures of
breast stromal fibroblasts. Our results have shown that imatinib
exhibits an antifibrotic effect, as it inhibits the growth of these
cells, as well as collagen production and secretion.
First, by studying the effect of imatinib on asynchronously
growing fibroblast cultures, we have found that imatinib
inhibits their proliferation with an IC50 of f1 Amol/L
(Fig. 2A). In contrast to results from cancer-associated
fibroblasts from hepatic metastases of colorectal cancer (33),
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FIGURE 7. Imatinib mesylate
inhibits collagen synthesis in human
breast stromal fibroblasts. A. Confluent breast fibroblast cultures, arrested
in DMEM containing 0.2% FCS in the
presence of tritiated proline (5 ACi/mL),
were treated with 10 Amol/L imatinib.
Forty-eight hours later, collagen synthesis was estimated as described
in Materials and Methods. Columns,
average of eight separate experiments. B. Confluent breast fibroblast
cultures, arrested in DMEM containing
0.2% FCS, were treated with 10 Amol/L
imatinib. Cell lysates were collected at
6 and 24 h later in the absence (C6 and
C24, respectively) or presence (I6 and
I24, respectively) of imatinib, and RNA
was isolated and subjected to real-time
PCR, as described in Materials and
Methods. Columns, average of three
separate experiments. *, P < 0.05; **,
P < 0.01.

the inhibitory effect of imatinib on breast cancer fibroblasts
reported here is clearly cytostatic, as microscopic observations
and results from a cytotoxicity assay (Fig. 1) have not shown
any signs of cell death at concentrations up to 10 Amol/L.
To gain mechanistic insight into this inhibitory action, we
have studied the effect of imatinib on the regulation of
signaling molecules that are involved in cell proliferation. So,
we have shown that it inhibits acutely and drastically serummediated and PDGF-mediated activation of the ERK and Akt
pathways (Figs. 3A and 5). In addition, it up-regulates the
expression of the cyclin-dependent kinase inhibitor p21WAF1
and consequently leads to the dephosphorylation of the pRb
protein (Figs. 3B and C). These effects are in agreement with
the increase of the percentage of cells being in the G0/G1 phase
of the cell cycle (Fig. 2B). Similarly, an increase of p21WAF1
and a G0/G1 arrest after imatinib treatment has been reported
for multiple myeloma cells (17). In contrast, in small cell lung
and several anaplastic thyroid cancer cells, imatinib induces a
G2/M arrest (20, 21), thus suggesting a different regulation of
signaling pathways.
Subsequently, we have also studied the action of imatinib on
the PDGF-mediated DNA synthesis in human breast fibroblasts. PDGF stimulates DNA synthesis in these cells that is
blocked by imatinib (Fig. 4). Interestingly, this inhibition is
much more potent compared with that observed in fibroblasts
grown in a serum-containing medium (Fig. 2A), as the growth
potential of serum is not only due to PDGF but also due to other
mitogens that probably activate separate signaling pathways
that may not be inhibited by imatinib. Imatinib mesylate can

also block PDGF-mediated ERK and Akt activation (Fig. 5). A
partial or complete inhibition of these pathways have also been
reported in several other normal and cancer cell lines (23, 24,
34-37), although this is not always the case (22). Although both
pathways are involved in the regulation of proliferation in
several cell types, by using specific inhibitors against these
pathways (PD98059 for the MEK/ERK pathway and wortmannin or LY292004 for phosphatidylinositol 3-kinase/Akt), we
have found that only the activation of Akt pathway is

FIGURE 8. Imatinib mesylate does not alter gelatinase secretion and
activation by human breast fibroblasts. Fibroblasts were grown to
confluency on plastic cultures or within polymerized gels of type I collagen.
Serum-free medium conditioned by these cultures in the presence or
absence of 10 Amol/L imatinib was collected and subjected to gelatin
zymography, as described in Materials and Methods. One representative
of three similar experiments is presented here.
Mol Cancer Res 2008;6(5). May 2008
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responsible for the transduction of the mitogenic effect of
PDGF in breast fibroblasts and thus for the inhibitory action of
imatinib on PDGF-mediated stimulation of DNA synthesis
(Fig. 6).
As already mentioned, desmoplasia, i.e., the formation of an
excessive dense connective tissue around the invasive tumor, is
a characteristic of breast tumors. Interestingly, in benign breast
lesions, types I and III collagen mRNAs are weakly expressed
and their corresponding bundles are regularly organized,
whereas in the stroma of malignant tumors, increased
expression of these collagen types was observed in stromal
fibroblastic cells and not in malignant epithelial cells (29). In
addition, their expression is enhanced with increasing grades of
malignancy, indicating that this may be linked with tumor
invasion. Accordingly, we have studied the effect of imatinib on
the synthesis and secretion of collagen by human breast stromal
fibroblasts, and we have found, by using a tritiated proline
incorporation assay, that it strongly inhibits the secretion of
novel synthesized collagen (Fig. 7A). A similar effect of
imatinib on the proliferation and collagen synthesis has been
reported in rat cardiac fibroblasts (38). To further characterize
this phenomenon in breast fibroblasts, we have shown, by using
real-time PCR, a down-regulation of collagens I and III mRNA
expression (Fig. 7B). In contrast, no alterations on MMP-2 and
MMP-9 expression or activation were found by gelatin
zymography (Fig. 8) or reverse transcription – PCR (not
shown). Finally, reverse transcription – PCR studies have
not revealed any alteration of MMP-1, TIMP-1, and TIMP-2
expression (data not shown). These findings are in agreement
with previously reported data showing an antifibrotic effect of
imatinib. In particular, it has been shown that it inhibits the
mRNA expression of a-smooth muscle actin and a2-(I)procollagen in rat hepatic stellate cells (35) and a1-(I)procollagen and a2-(I)-procollagen in human dermal fibroblasts from normal and scleroderma donors (39). Interestingly,
and in accordance with our data, in the latter study, no effect of
imatinib on matrix metalloproteinases or tissue inhibitor of
metalloproteinases was observed. However, in our study, no
alteration in the expression of vimentin or a-smooth muscle
actin was observed in breast stroma fibroblasts after incubation
with different doses of imatinib from 0.1 to 10 Amol/L (not
shown here). Finally, in in vivo studies, imatinib was found to
inhibit experimentally induced dermal, lung, renal, and liver
fibrosis by inhibiting the expression of collagen and other
extracellular matrix proteins, e.g., fibronectin (35, 39-42).
Tumor interstitial hypertension has been documented in
many tumors, including breast carcinoma (43), affecting drug
delivery and penetration. In this direction, it has been shown
that imatinib decreases interstitial fluid pressure in experimental
tumors in immunocompromised mice and enhances the
antitumor effect of Taxol (44). So, it seems that imatinib may
affect breast carcinoma by multiple actions, i.e., (a) by
decreasing interstitial fluid pressure, (b) by inhibiting the
growth and invasiveness of breast cancers cells, and (c) by
exerting an antifibrotic effect on breast stroma fibroblasts, as it
inhibits both their proliferation and collagen synthesis, as
shown here. Further in vivo studies are obviously required for
the evaluation of its effectiveness in breast cancer treatment
alone or in combination with other antitumor compounds.

Materials and Methods
Materials
Human recombinant PDGF-BB was purchased from R&D
Systems. PD98059, wortmannin, and MTT were obtained from
Sigma. Rabbit antibodies against tubulin, as well as goat antimouse and goat anti-rabbit horseradish peroxidase – conjugated
secondary antibodies were obtained from Sigma. Rabbit anti –
phosphorylated ERK1/2 (Thr202/Tyr204), anti – phosphorylated
Akt (Ser473), and anti-Akt antibodies were obtained from
Cell Signaling Technology; mouse anti – pan-ERK and antip21CIP1/WAF1 antibody from BD Transduction Laboratories.
[3H]Thymidine and L-[3H]proline were from Amersham Biosciences. Imatinib mesylate was provided by Novartis Pharma
AG. Crude collagenase and all cell culture media were purchased from Biochrom KG, whereas fetal bovine serum (FBS)
was from Life Technologies Bethesda Research Laboratories.
Cells and Cell Culture Conditions
Primary cultures of human breast fibroblasts were developed
from surgically removed cancer and adjacent normal breast
tissue. The tissues were dissected and treated with crude type I
collagenase (1 mg/mL), and after an overnight incubation, the
cells were separated by centrifugation and cultured in DMEM,
supplemented with penicillin-streptomycin, glutamine (all from
Biochrom AG), and 10% FBS from Life Technologies Bethesda
Research Laboratories (Invitrogen). Early passage cells were
routinely subcultured when confluent by using a trypsin/citrate
(0.25%:0.30% w/v) solution (45). The cells were maintained in a
humidified atmosphere of 5% CO2 at 37jC. They were also
tested periodically and found to be Mycoplasma-free.
Cytotoxicity Assay
Cytotoxicity was estimated as previously described (46). In
brief, human breast fibroblasts were plated in flat-bottomed
96-well microplates, in DMEM containing 10% FBS, until they
reached confluency. Then, new medium was added, containing
increasing concentrations of imatinib. After a 24-h, 48-h or
72-h incubation, the medium was replaced by MTT dissolved at
a final concentration of 1 mg/mL in serum-free, phenol red –
free medium. Then, MTT-formazan was solubilized in
isopropanol, and absorbance was measured at a wavelength
of 550 nm and a reference wavelenght of 690 nm.
DNA Synthesis Assay
Cells were plated at a density of 2  104/cm2 in DMEM
containing 10% FBS, and when grown to f80% confluency,
new medium was added along with increasing concentrations of imatinib and [methyl-3H]thymidine (0.15 ACi/mL,
25 Ci/mmol). After 24 h of incubation, the culture medium was
aspirated and the cells were washed with PBS, fixed with 10%
ice-cold trichloroacetic acid, washed extensively under running
tap water, and air-dried. DNA was solubilized by the addition of
0.3 N NaOH/1% SDS, and the lysates were subjected to
scintillation counting, as previously described (47). Alternatively, the cells were grown until confluency and were then
rendered quiescent after a 48-h period in DMEM supplemented
with 0.1% FBS. Then, new medium was added with increasing
concentrations of imatinib along with [methyl-3H]thymidine,
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and DNA synthesis was estimated as above. Finally, in the
experiments with PDGF, confluent quiescent cultures were
preincubated with increasing concentrations of imatinib, and 60
min later, PDGF was added. Twenty-four hours later, DNA
synthesis was estimated as described above.
Cell Cycle Analysis
Cell cycle analysis was done by flow cytometry, as
previously described (48). Cells were plated sparsely in DMEM
containing 10% FBS. When still subconfluent, the cultures
were treated with imatinib (1 or 10 Amol/L), and after
a 24-h period, the cells were trypsinized, washed with PBS,
fixed in 50% (v/v) ethanol, and stained with propidium iodide
(50 Ag/mL) in the presence of MgCl2 (5 mmol/L) and Rnase A
(10 Ag/mL) in Tris-HCl (pH 7.5; 10 mmol/L). DNA content
was analyzed on a FACSCalibur flow cytometer (Becton
Dickinson) using the Modfit software.
Western Blot Analysis
Subconfluent cultures of human breast fibroblasts, proliferating in DMEM supplemented with 10% FBS, were treated
with the indicated doses of imatinib for various time periods. At
the indicated time points, the cells were washed with ice-cold
PBS, lysed into 2 hot SDS-PAGE sample buffer [125 mmol/L
Tris-HCl (pH 6.8), 5% (w/v) SDS, 20% (v/v) glycerol,
125 mmol/L h-mercaptoethanol, 0.02% (w/v) bromophenol
blue, supplemented with protease and phosphatase inhibitors
(Sigma)], boiled for 5 min, sonicated for 15 s, clarified by
centrifugation, and stored at 80jC until use. The lysates were
separated on SDS-PAGE, and the proteins were transferred to
polyvinylidene difluoride membranes (Amersham Biosciences).
The membranes were blocked with 5% w/v nonfat dried milk in
1 mmol/L Tris-HCl (pH 7.4), 150 mmol/L NaCl, 0.05% Tween
20 (TTBS) buffer and incubated with the appropriate primary
antibodies. After washing with TTBS, the membranes were
incubated with the respective second antibody for 1 h and
washed again with TTBS, and the immunoreactive bands were
visualized on Kodak-X-OMAT AR film by enhanced chemiluminescence kit according to the manufacturer’s (Amersham
Biosciences) instructions. The intensity of the bands was
quantified after capture with a CCD camera connected to a
personal computer, using the BioProfil image analysis software
(Vilber Lourmat). Alternatively, confluent quiescent fibroblast
cultures (in DMEM supplemented with 0.1% FBS; see DNA
synthesis above) were pretreated with imatinib (10 Amol/L);
60 min later, they were stimulated with PDGF-BB (10 ng/mL)
and the cells were collected as above.

Quantitative Reverse Transcription – PCR Analysis
Total RNA from the samples was extracted using TRIzol
reagent (Invitrogen). First-strand cDNA was synthesized from
1 Ag of total RNA with the help of an oligo(dT) primer, using
Moloney murine leukemia virus reverse transcriptase (Invitrogen). Quantitative PCR was done using Mx3000P qPCR
system and MxPro Version 3.00 software (Stratagene), with the
help of the Brilliant SYBR Green qPCR Master Mix kit
(Stratagene), in a total volume of 25 AL. The sequences of the
primers used are shown in Table 1. Amplification conditions
consisted of initial denaturation at 95jC for 10 min, followed
by 40 cycles of denaturation at 95jC for 30 s, annealing at
61jC (COL3, h-actin) or 56jC (COL1, h-actin) for 60 s, and
elongation at 72jC for 30 s. Melting curve analysis and
electrophoresis on 3% agarose gels were done to ensure that
the expected PCR products were generated. To quantify
specific mRNA in the samples, a standard curve was produced
for each run based on four points from diluted cDNA, whereas
a nontemplate control was always included. All experiments
were repeated at least thrice. Relative mRNA expression levels
for each sample were calculated as the ratio of the specific
mRNA copy number for each mRNA species under evaluation
to the h-actin mRNA copy number, thus normalizing mRNA
expression of each gene tested for sample-to-sample differences in RNA input, quality, and reverse transcriptase
efficiency.
Collagen Synthesis
Collagen synthesis was measured by a modification of the
protease-free collagenase method (49). Fibroblast cultures after
reaching confluency were cultured for 24 h in DMEM
containing 0.1% FCS. The medium was then removed, and
cultures were supplemented with fresh medium containing
5 ACi/mL L-[3H]proline (26 mCi/mmol), hAPN (50 Ag/mL),
and ascorbic acid (50 Ag/mL) in the presence or absence of
imatinib and incubated for 48 h. Then the medium was
precipitated with trichloroacetic acid (final concentration, 10%).
The resulting pellet was dissolved in 0.2 N NaOH, and one half
of each sample was digested with protease-free collagenase
from Clostridium histoliticum [EC number 3.4.24.3 (from
Sigma), 5 BTC units/mL of buffer containing 0.005 N CaCl2
and 0.2 N NaCl, 0.05 mol/L Tris-HCl (pH 7.4)] for 2 h at 37jC
and 16 h at room temperature; subsequently, the undigested
protein was precipitated with trichloroacetic acid. After
centrifugation, the supernatant and one wash were collected,
and radioactivity was measured in a h-counter. Collagen
synthesis of each sample was calculated by subtracting the

Table 1. QPCR Primer Sequences
Name

Sequence

Genbank code no.

Length of PCR product

COL1-F
COL1-R
COL3-F
COL3-R
h-Actin F
h-Actin R

CCA GAA GAA CTG GTA CAT CA
CCG CCA TAC TCG AAC TGG AA
GGA CCT GCT GGA CCA AAT GG
CCC CTC ATT CCT GGA CCT CC
TTG GCA ATG AGC GGT TCC
AGC ACT GTG TTG GCG TAC

NM_000088

96

NM_000090

137

NM_001101

148
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radioactivity of the blank (untreated half of the sample) from
the radioactivity of the collagenase-treated half, and this was
finally normalized according to the number of cells in culture.
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Collagen Extraction—Preparation of Collagen Gels
Collagen was extracted from rat tail tendons, as previously
described (50). Briefly, tendons were solubilized in 0.1% (v/v)
acetic acid for 48 h at 4jC. The solution was filtered, dialyzed
against DMEM 0.1 for 48 h at 4jC, sterilized by filtration,
and stored at 4jC. This stock solution contains f2.5 mg/mL
total protein and consists primarily of collagen type I. Collagen
gels were prepared by mixing the above collagen stock solution
with sodium bicarbonate (0.15 mol/L) and DMEM 10 at a
ratio of 8:2:1; the mixture was supplemented with FCS at a final
concentration of 0.1%. Two milliliters from this solution were
placed into each 35-mm dish and left for at least 30 min at 37jC
for polymerization. DMEM (2 mL) supplemented with 0.1%
FCS was overlaid after gelation.
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