
Targeting multiple tyrosine kinase receptors with
Dovitinib blocks invasion and the interaction
between tumor cells and cancer-associated

fibroblasts in breast cancer
Chuanbing Zang1,y, Jan Eucker1,y, Piet Habbel1, Christian Neumann1, Carsten-Oliver Schulz1, Nikola Bangemann2,

Lutz Kissner2, Hanno Riess1, and Hongyu Liu1,*

1Division of Hematology and Oncology; Charit�e-University Medicine; Charit�eplatz 1; Berlin, Germany; 2Clinic of gynecology-breast center; Charit�e-University Medicine;

Charit�eplatz 1; Berlin, Germany

yThese authors contributed equally to this publication.

Keywords: breast cancer, cancer-associated fibroblasts, chemokines, Dovitinib, FGF, invasion, PDGF

A constitutive and dynamic interaction between tumor cells and their surrounding stroma is a prerequisite for tumor
invasion and metastasis. Fibroblasts and myofibroblasts (collectively called cancer associated fibroblasts, CAFs) often
represent the major cellular components of tumor stroma. Tumor cells secret different growth factors which induce
CAFs proliferation and differentiation, and, consequently, CAFs secrete different chemokines, cytokines or growth
factors which induce tumor cell invasion and metastasis. In this study we showed here that CAFs from breast cancer
surgical specimens significantly induced the invasion of breast cancer cells in vitro. Most interestingly, the novel
multiple tyrosine kinase inhibitor Dovitinib significantly blocked the CAFs-induced invasion of breast cancer cells by, at
least in part, inhibition of the expression and secretion of CCL2, CCL5 and VEGF in CAFs. Inhibition of PI3K/Akt/mTOR
signaling could be responsible for the effects of Dovitinib, since Dovitinib antagonized the promoted phosphorylated
Akt after treatment with PDGF, FGF or breast cancer cell-conditioned media. Treatment with Dovitinib in combination
with PI3K/Akt/mTOR signaling inhibitors Ly294002 or RAD001 resulted in additive inhibition of cell invasion. This is the
first in vitro study to show that the multiple tyrosine kinase inhibitor has therapeutic activities against breast cancer
metastasis by targeting both tumor cells and CAFs.

Introduction

Triple negative breast cancer, an aggressive variant of breast
cancer, is characterized by lack of expression of the estrogen
receptor (ER), progesterone receptors (PRs) and the human epi-
dermal growth factor receptor (c-erbB2, HER-2) that are com-
monly observed in other breast cancer subtypes. This sub-entity
of breast cancer is characteristically aggressive with high recur-
rence, metastasis, and mortality rates. Treatment options are very
limited except with the traditional cytotoxic chemotherapy.1 The
systematic evaluation of different randomized clinical trials indi-
cated that combining targeted agents with chemotherapy in triple
negative breast cancer produced only modest gains in progres-
sion-free survival.2 Therefore, a better understanding of the
molecular basis of breast cancer progression and development of

novel molecular targeted therapy is required for the better treat-
ment of this breast cancer subtype.

It is gradually becoming clear that the fibroblasts, the main
component of tumor stroma, are prominent modifiers of breast
cancer progression. These cells, which may be recruited locally
from the normal tissues adjacent to the primary tumor or from
bone marrow are called cancer associated fibroblasts (CAFs).3-6

Recently experimental evidence indicates that fibroblasts protect
cancer cells against stress by reducing reactive oxygen species
(ROS) production, apoptosis, autophagy, and senescence in epi-
thelial cancer cells through providing high-energy fuels and pre-
cursors for biomass to adjacent cancer.7,8 It was also shown that
CAFs support the malignant properties of cancer spreading by
secreting soluble factors such as pro-angiogenic factors, matrix
metalloproteinases (MMPs), cytokines as well as chemokines and
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growth factors.9 Among these cytokines, CCL2 and CCL5,
which are known inflammatory mediators, were demonstrated to
play important role in the mediation of the interaction between
CAFs and breast cancer cells beyond SDF-110-13

Dovitinib (formerly CHIR-258, TKI-258, Novartis pharma-
ceuticals) is an investigational new inhibitor of multiple tyrosine
kinases that has in vitro inhibitory activity against basic fibroblast
growth factor receptor (bFGFR), platelet-derived growth factor
receptor (PDGFR), and vascular endothelial growth factor recep-
tor (VEGFR) kinases with IC50 values of approximately 10 nM.
Further in vivo and in vitro data indicate that this drug blocked
PDGFR/FGFR/VEGFR signaling in advanced melanoma,4 pan-
creatic cancer,14 breast carcinoma,15 urothelial carcinoma,16

impaired tumor growth, angiogenesis, and metastasis by effects
on tumor cells, endothelial cells, and pericytes in vitro.14,15

Due to the important role of PDGFs and FGFs in the sup-
portive effect of CAFs for the breast tumor progression through
the autocrine or paracrine fashion,17-19 we hypothesized that tar-
geting PDGFR and FGFR signaling by Dovitinib could block
the cross-talk of CAFs-tumor cell and inhibit cell invasion of
breast cancer. We selected an in vitro transwell chamber model

for co-culture of breast cancer cells with CAFs and investigation
of breast cancer cell invasion in this study. The concomitant
change of cytokines/chemokines and the intracellular down-
stream signaling of these growth factors were also examined.

Results

Tyrosine kinase inhibitor Dovitinib inhibited the breast
cancer invasion and antagonized the invasion-promoting effect
of CAFs

For investigation whether the interaction between tumor cells
and CAFs could result in enhanced invasion of breast cancer cells,
we isolated at first the CAFs from breast tumor specimens
obtained at surgery from patients with invasive breast cancer
(n D 5) according to the method described in the Materials and
Methods. A representative of the isolated CAFs in in vitro culture
was shown (Fig. 1A).

We tested the invasive ability of non-aggressive breast cancer
cells MCF-7, moderately aggressive breast cancer cells BT-474,
and highly aggressive breast cancer cells MDA-MB-231 by co-

Figure 1. Dovitinib inhibited the breast cancer invasion and antagonize the invasion promoting-effect of CAFs. (A) ONE EXAMPLE OF isolated CAFs from
patient samples (B) Enhanced invasion ability of breast cancer cells MCF-7, BT-474 and MDA-MB-231 through co-culture with CAFs. Human breast cancer
CAFs were seeded in 24-well-plate and cultured in serum-free medium for 3 d Breast cancer cells suspended in serum-free media were added into the
inserts either with CAFs or with only serum-free medium in the bottom chamber. Invasion assay was performed as described in the Materials and Meth-
ods. Non-invaded cells were removed from the top surface of the insert by scrubbing with cotton tip swabs. 18 h later, the membranes of the inserts
with invaded cells were fixed, stained, mounted on slides, and counted under light microscope. (C) Dose-dependently inhibited invasion ability of MDA-
MB-231 cells after treatment with Dovitinib. Breast cancer cells MDA-MB-231 were pre-treated with Dovitinib (0.01, 0.1, 0.5 mM) for 2 days, suspended in
cell culture medium, and added into the inserts with cell culture medium in the bottom chamber. Invasion assay was performed as described in the
Materials and Methods. (D) Pre-treatment of MDA-MB-231 cells with Dovitinib led to inhibited invasion in the co-culture system. CAFs were seeded in
24-well-plate and cultured in serum-fee medium for 3 d Breast cancer cells MDA-MB-231 were pre-treated with Dovitinib (0.01, 0.1 mM) for 2 days, sus-
pended in serum-free medium, and added into the inserts either with CAFs or with only serum-free medium in the bottom chamber. Invasion assay was
performed as described in the Materials and Methods. (E) Pre-treatment of CAFs with Dovitinib led to inhibited invasion in the co-culture system. CAFs
were seeded in 24-well-plate and pre-treated with Dovitinib (0.01 mM) for 1 day. MDA-MB-231 cells were suspended in serum-free medium, and added
into the inserts either with CAFs or with only serum-free medium in the bottom chamber. Invasion assay was performed as described in the Materials
and Methods.
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culture of these cells with the CAFs using the BD BioCoatTM

Martrigel Invasion Chambers. MCF-7 cells and BT-474 cells
showed almost no invaded cells, MDA-MB-231 several invaded
cells under our experimental conditions when serum-free cell cul-
ture medium was used in the bottom chambers. Significant more
invaded cells were observed for all of the 3 breast cancer cell lines
when CAFs were co-cultured in the bottom chambers, suggesting
the CAFs promoted the invasion of breast cancer cells (Fig. 1B).
The most invasive breast cancer cell line MDA-MB-231 was
selected therefore for further investigations.

Inhibitory effect of the Dovitinib on the breast cancer cell
invasion and its blocking effect on CAFs-mediated invasion pro-
motion were quantitatively determined. MDA-MB-231 cells
were treated with different concentrations of Dovitinib, and then
added to the chambers for the invasion assay. Dovitinib treat-
ment resulted in a dose-dependent reduction of invasion ability
of MDA-MB-231 cells in the absence of CAFs (Fig. 1C). As
next, invasion assay was performed in the presence or absence of
Dovitinib either with CAFs or with
serum-free medium in the bottom
chamber (non-contact co-culture).
With CAFs in the invasion system, the
invasion of MDA-MB-231 cells was
enhanced dramatically, while this effect
of CAFs was antagonized by pre-treat-
ment of MDA-MB-231 cells with Dovi-
tinib (Fig. 1D). These experiments
demonstrated clearly that Dovitinib
exerted the inhibitory effect on invasion
of MDA-MB-231 cells in the presence
or absence of CAFs.

From the experiments with non-con-
tact co-culture system we could suppose
that the CAFs support the cell invasion
possibly by secreting soluble factors.
The effect of Dovitinib on the invasion
of MDA-MB-231 cells in the co-culture
system was possibly contributed by
blocking of the secretion of those solu-
ble factors by CAFs. To clarify this
question, CAFs were plated in the 24-
well plate and cultured in the presence
of Dovitinib, Dovitinib was then
washed out and invasion assay was car-
ried out with the CAFs co-cultured in
the bottom chamber which were either
pre-treated with Dovitinib or not pre-
treated. The result showed clearly that
Dovitinib pre-treated CAFs lost the
ability to stimulate the invasion of
MDA-MB-231 cells, so that the inva-
sion rate of MDA-MB-231 cells under
the co-culture with Dovitinib pre-
treated CAFs was reduced to the similar
level as that without co-culture with
CAFs (Fig. 1E).

Application of Dovitinib in the MDA-MB-231 cells, CAFs,
or the co-culture of the both types of cells resulted in the
inhibited production of chemokines CCL2, CCL5 and VEGF

MDA-MB-231 cells, CAFs cells were cultured separately or
together through non- contact co-culture in 24-well plates for
2 d in the presence or absence of Dovitinib. Cells were then
harvested for the mRNA isolation, cell supernatants were col-
lected for the ELISA measurement of different chemokines
and VEGF.

Co-culture of the MDA-MB-231 cells with CAFs resulted in a
dramatically increased production of chemokines CCL2 and
CCL5 in the cell supernatants in comparison to chemokine pro-
duction by the 2 types of cells alone. The application of Doviti-
nib antagonized the enhanced production of these 2 chemokines
significantly (Fig. 2A). Similarly, mRNA expression level of
CCL2 and CCL5 was much higher in CAFs or CAFs in co-cul-
ture with MDA-MB-231 cells than in MDA-MB-231 cells,
whereas Dovitinib application resulted in significant reduction of

Figure 2. Application of Dovitinib in the MDA-MB-231 cells, CAFs, or the co-culture of the both types
of cells resulted in the inhibited production of chemokines CCL2, CCL5 and VEGF. (A–C) 2 £ 104 CAFs
and 2 £ 105 MDA-MB-231 cells were cultured alone in 24-well-plate or co-cultured with BD BioCoatTM

Martrigel Invasion Chambers in serum-fee medium for 2 d in the presence or absence of Dovitinib
(0.1 mM). After incubation, cell supernatants of MDA-MB-231 cells, CAFs, and co-culture were collected
and served for ELISA measurement, cells were lysed for total RNA isolation. A: ELISA measurement of
CCL2 and CCL5 production; B: Real-time PCR determination of CCL2 and CCL5 expression in MDA-MB-
231 cells, CAFs, CAFs in co-culture with breast cancer cells; C: ELISA measurement of VEGF production.
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mRNA expression level of these chemokines especially in CAFs
as determined with real-time PCR (Fig. 2B).

VEGF is one of the important growth factors which are
involved not only in breast cancer angiogenesis, but also in tumor
metastasis and progression. Also, VEGFR belongs to the specific
inhibitory targets of Dovitinib and this growth factor was there-
fore investigated with ELISA. Similar to the experimental result
about the chemokines CCL2 and CCL5 production, VEGF
concentration was much higher in supernatants of CAFs than in
that of MDA-MB-231 cells, which was dramatically reduced by
the treatment with Dovitinib (Fig. 2C).

Dovitinib antagonized the PDGF/FGF stimulated MDA-
MB-231 cell invasion and chemokine production of CAFs
and MDA-MB-231 cells

Dovitinib binds to the ATP-binding site and inhibits the tyro-
sine kinase activity of PDGFR and FGFR with IC50 of 10 nM in
vitro.20 The inhibitory effect of Dovitinib on PDGFR was
detected in MDA-MB-231 cells by checking the change of
PDGFß mRNA expression after treatment. PDGFß mRNA
expression level was enhanced by 2-fold when MDA-MB-231
cells were cultured with CAFs-conditioned media. However, it
was inhibited to the basic level by Dovitinib treatment (Fig. 3A).
Then as next we tried to answer the question if the inhibitory
effect of Dovitinib on PDGFR played an important role on the
breast cancer cell invasion. Again with invasion chamber assay we

could demonstrate that human recombinant PDGF and FGF
promoted MDA-MB-231 cells invasion dramatically, whereas
the cell invasion was reduced significantly if Dovitinib was added
to the culture media (Fig. 3B). Our experiments indicated that
the CAFs may promote the breast cancer cell invasion by stimu-
lating PDGFß/FGF signaling. The inhibitory effect of Dovitinib
on this signaling contributed therefore to its inhibitory effect on
cell invasion.

To investigate if the inhibitory effect of Dovitinib on PDGF/
FGF signaling was contributed to its effect on the MDA-MB-
231 cell invasion and chemokines/cytokines secretion of CAFs,
cell supernatants from MDA-MB-231 cells or CAFs treated with
these growth factors in the presence or absence of Dovitinib were
collected and chemokine/cytokines concentration was measured
by ELISA. CCL5/CCL2/VEGF production was increased by the
PDGF/FGF treatment in CAFs, whereas it decreased signifi-
cantly by Dovitinib treatment (Figs. 3C–E). To our surprise, this
effect of Dovitinib was not significant in MDA-MB-231 cells in
the case the cells were treated with PDGF (Figs. 3F–H).

Dovitinib impaired Akt signaling in CAFs and led to
additive inhibitory effect on cell invasion by combination with
PI3K/Akt/mTOR signaling inhibitor Ly294002 or RAD001

PI3K/Akt/mTOR signaling is the common downstreaming
signaling of growth factors PDGF and FGF.21,22 The Akt path-
way also stimulates the transcriptional induction of VEGF which

Figure 3. Dovitinib antagonized the PDGF/FGF stimulated MDA-MB-231 cell invasion and chemokine production of CAFs and MDA-MB-231 cells. (A)
Dovitinib inhibited the PDGFß expression of MDA-MB-231 cells stimulated with CAFs-conditioned media.CAFs were cultured in serum-free medium for 3
d Cell culture media was collected for further experiment. MDA-MB-231 cells were cultured with serum-free medium or CAFs-conditioned media in the
presence of Dovitinib (0.1 mM) for 2 d MDA-MB-231 cells were lysed and PDGFß expression was measured with real-time PCR. Each value presented is
the mean § SD of 3 parallel experiments. (B) Dovitinib antagonized the PDGF/FGF stimulated cell invasion of MDA-MB-231 cells.MDA-MB-231 cells were
treated with Dovitinib (0.1 mM) for 2 d Cell invasion assay was performed in serum-free medium, serum-free medium including 10 ng/ml PDGF, or
serum-free medium including 10 ng/ml FGF respectively. Each value presented is the mean § SD of 3 parallel experiments. (C–H) Dovitinib treatment
resulted in reduced CCL5, CCL2 and VEGF production in CAFs and MDA-MB-231 cells.CAFs (C-E) or MDA-MB-231 cells (F-H) were treated with PDGF
(10 ng/ml) or FGF (10 ng/ml) in the presence or absence of Dovitinib (0.1 mM) for 2 d Cell supernatants were collected; CCL5, CCL2 or VEGF concentra-
tion was measured with ELISA.
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is then secreted and acts in a paracrine manner to stimulate its
cognate receptor VEGF-R in endothelial cells. This in turn acti-
vates PI3K and Akt with a variety of consequences.23

We investigated therefore the Akt signaling change in response
to Dovitinib treatment in MDA-MB-231 and CAFs respectively.
Surprisingly, we could not detect significant protein expression
change of the components of this signaling with Western blot in
MDA-MB-231 cells (data not shown); instead, we could show
the enhanced Akt phosphorylation in CAFs in the presence of
PDGF or MDA-MB-231 cells-conditioned media, which was

antagonized by Dovitinib treatment significantly (Fig. 4A). This
result prompted us to investigate if simultaneous inhibition of
PI3K/Akt/mTOR with their inhibitors could enhance the inva-
sion inhibitory effect of Dovitinib. As expected, pre-treatment of
CAFs with Akt inhibitor Ly294002 or mTOR inhibitor
RAD001 resulted in a significant cell invasion reduction as
detected with invasion chamber assay. This effect of Akt/mTOR
inhibitor was intensified if the cells were pre-treated with the
combination of Akt/mTOR inhibitor and Dovitinib (Fig. 4B).

Discussion

Most of current treatments for breast cancer target primarily
carcinoma cells, while the pro-carcinogenic actions of the tumor
microenvironment were not taken into consider. The fact that
tumor-associated fibroblasts present some tumor features and are
genetically stable and also different from normal fibroblasts make
them to be important potential targets of anti-cancer therapy.
With the increasing understanding of epithelial-stromal bio-
chemical interactions and molecular reciprocal heterotypic sig-
naling, targeting breast carcinomas and/or stromal fibroblasts
will be new strategies for the development of new therapeutic
regimens.

Here we demonstrated for the first time the possibility to use
Dovitinib to target the breast cancer motility through interfer-
ence with tumor supportive effects of CAFs. This might provide
a complementary approach to conventional treatments that target
the cancer cells themselves. The multiple tyrosine kinase inhibitor
Dovitinib might become a promising agent for treatment of
metastased breast cancer.

It has been reported that treatment of tumor-bearing mice
with VEGF receptor inhibitors such as sunitinib led to enhanced
distant metastasis.24,25 However, Dovitinib was shown to prevent
lung metastasis in an in vivo xenograft model of hepatocellular
carcinoma,26 reduce the 4T1 tumor-induced lung metastases
after long-term treatment and lymph node metastases in an
orthotopic tumor model when treatment was initiated early
enough.15 In correlation with these in vivo data, we observed
with our in vitro chamber assay that Dovitinib inhibited cell inva-
sion of breast cancer dose-dependently. Importantly, Dovitinib
antagonized the enhanced cell invasion through co-culture of
CAFs with MDA-MB-231 cells (Fig. 1). The molecular mecha-
nism(s) responsible for Dovitinib -inhibited metastasis was there-
after investigated.

Inflammation could be a causal role for many malignant dis-
eases, including breast cancer. The different inflammatory media-
tors that are involved in this disease include cells, cytokines and
chemokines. Of these, many studies have addressed the involve-
ment and roles of the inflammatory chemokines CCL2 (MCP-1)
and CCL5 (RANTES) in breast malignancy. These two chemo-
kines were shown to mediate many types of tumor-promoting
cross-talks between the tumor cells and cells of the tumor micro-
environment: CCL2 and CCL5 which are expressed by cells of
the tumor microenvironment osteoblasts and mesenchymal stem
cells play a role in breast metastatic processes. In addition, both

Figure 4. Dovitinib impaired Akt signaling in CAFs and led to enhanced
inhibitory effect on cell invasion by combination with PI3K/Akt/mTOR
signaling inhibitors Ly294002 or RAD001. (A) CAFs were cultured in
serum-free RPMI-1640 media, serum-free RPMI-1640 media supple-
mented with 10 ng/ml PDGF, or MDA-MB-231 conditioned media (CM)
in the presence or absence of Dovitinib for 24 h respectively. Total pro-
tein was extracted; the expression of phosphorylated Akt (T308) and
phosphorylated Akt (S473) was determined by Western blot analysis.
The relative intensity of each band shown under the band was quanti-
fied using PhoretixTM ID Quantifier software, normalized to ß-actin and
expressed as percentage of control. (B) CAFs were seeded in 24-well-
plate and cultured in serum-fee medium in the presence of Ly294002
(20 mM), RAD001 (10 nM), Ly294002 (20 mM)CDovitinib (0.1 mM), or
RAD001(10 nM)CDovitinib (0.1 mM), respectively for 3 d MDA-MB-231
cells were suspended in serum-free media and added into the inserts
either with or without CAFs in the bottom wells. Transwell� invasion
assay was performed as described in the Materials and Methods. Each
value presented is the mean § SD of 3 parallel experiments.
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chemokines act directly on the tumor cells to promote their pro-
malignancy phenotype, by increasing their migratory and inva-
sion-related properties.13 In line with these knowledge, we
observed in this study that the CCL2 and CCL5 were 2 of che-
mokines which were secreted from CAFs and mediated invasion-
promoting effect of CAFs. Inhibition of the secretion of CCL2
and CCL5 and thereby inhibiting the cross talk between CAFs
and breast cancer cells might be one of the mechanisms by which
Dovitinib blocked the invasion-promoting effect of CAFs. Since
we demonstrated clearly that Dovitinib application resulted in
reduced CCL2 and CCL5 expression from the CAFs and the
production in cell culture media with ELISA analysis and real
time PCR. Besides CCL2 and CCL5, other chemokines/cyto-
kines may also be involved in this process including VEGF as
shown by our data (Fig. 2).

Paracrine PDGF signaling is commonly observed in epithelial
cancers, where it triggers stromal recruitment and may be
involved in epithelial–mesenchymal transition, thereby affecting
tumor growth, angiogenesis, invasion, and metastasis.27 By using
a genetically engineered mouse model of cervical carcinogenesis,
pharmacological blockade of PDGF receptor signaling with the
clinically approved kinase inhibitors slowed progression of pre-
malignant cervical lesions in this model. Inhibition of stromal
PDGF receptors reduced proliferation and angiogenesis in cervi-
cal lesions through a mechanism involving suppression of expres-
sion of the angiogenic FGF2 and the epithelial cell growth factor
FGF-7 by cancer-associated fibroblasts. The possible functional
model of PDGF and FGFs in epithelial tumors could be: PDGF
expressed by cancerous epithelia evidently stimulate PDGFR-
expressing stroma to up-regulate FGFs, promoting angiogenesis
and epithelial proliferation, elements of a multi-cellular signaling
network that elicits functional capabilities in the tumor microen-
vironment.28 Dovitinib has almost equal in vitro inhibitory activ-
ity against bFGF and PDFG receptor kinases with IC50 values of
approximately 10 nM.29 In accordance with the previous pre-
clinical and clinical data, interruption of the PDGF signaling by
Dovitinib led to reduced breast cancer cell invasion in our in vitro
test model (Figs. 3A and B). Interestingly, Dovitinib inhibited
the PDGF-stimulated chemokine secretion of CAFs but had no
significant effect in MDA-MB-231 cells, while it inhibited
FGF2-stimulated chemokine secretion of both CAFs and MDA-
MB-231 cells significantly (Figs. 3C–E and F–H). Our result
was supported by the reports that FGFR2 was identified as a
breast cancer susceptibility gene by genome-wide association
studies, especially in the mesenchymal and mesenchymal-like
subtypes of triple-negative breast cancer.22,30 In connection with
the data that mRNA expression of CCL5/CCL2 in CAFs was
regulated by Dovitinib treatment, our data suggest the model for
Dovitinib to block the supporting effect of CAFs to cell invasion:
By inhibition of PDGF and FGF signaling in CAFs, Dovitinib
indirectly downregulated the chemokines/cytokines secretion by
CAFs, so that the supporting effect of CAFs on breast cancer cells
was blocked and this resulted in the inhibition of cell invasion.

Some studies in the recent years indicate that chronological
age of the tumor environment specifically fibroblasts is the most
significant risk factor for human cancer development. Mammary

tumors grown in a Cav-1–deficient tumor microenvironment (an
in vivo model of accelerated host aging) were more than five-fold
larger than tumors grown in a wild-type microenvironment.31 In
vitro experiments showed that the senescent fibroblasts generated
by overexpressing CDK inhibitors, such as p16 (INK4A), p19
(ARF) or p21 (WAF1/CIP1) also dramatically promoted breast
tumor growth without any comparable increases in tumor angio-
genesis.32 PI3K/Akt/mTOR is one of the most critical pathways
involved in the cell aging. The prolonged activation of PI3K/
Akt/mTOR pathway in post-mitotic cells will convert quiescence
or arrest into senescence. In turn, aging cells due to their hyper-
functions cause diseases of aging including cancer.33 In this con-
text, anti-tumor effect of PI3K/Akt/mTOR pathway inhibitors
was not only achieved by significantly inhibiting the tumor cell
proliferation and division, but also by targeting tumor stroma,
for example decreasing the stromal content, and reducing the lev-
els of both vimentin and phospho-S6 (2 known markers for cell
aging) in aging CAFs model.31

Recent publications demonstrated with in vitro experiments,
mouse models and clinical trials that Dovitinib showed antitu-
mor activity in FGFR-amplified breast cancer.34 The effect of
Dovitinib observed included blocking breast cancer cell prolifera-
tion and growth, inhibiting tumor metastatic speed of breast can-
cer in vivo and in vitro models.15,35 Co-targeting of ErbB
receptors enhanced those effect of Dovitinib, since this 2 receptor
tyrosine kinases have same downstream signaling PI3K/Akt/
mTOR and the anti-tumor effect resulted from the blockade of
receptor tyrosine kinases by Dovitinib was shown mostly via
PI3K/Akt/mTOR signaling inhibition.15,35 However, most of
these investigations were focused on the effect of Dovitinib on
tumor cells itself. We demonstrated for the first time that the
inhibition effect of Dovitinib on the breast cancer metastasis is
also possibly contributed by its inhibition effect on PI3K/Akt/
mTOR signaling in CAFs (Fig. 4A). This notion was further
supported by the experiment that pre-treatment of CAFs with
the combination of PI3K/Akt inhibitor Ly294002 or mTOR
inhibitor RAD001 with Dovitinib resulted in additive invasion
inhibition of MDA-MB-231 cells (Fig. 4B). We provide a new
evidence for the increasingly accepted view that both cancer and
aging share the activation of a common signaling pathway, and
targeting this pathway directly or indirectly will retard breast can-
cer progression.33,36 Our data suggest a new mechanism by
which Dovitinib antagonizes the breast cancer metastasis.

In conclusion, Dovitinib treatment resulted in lowered breast
cancer cell invasion by interruption of the breast cancer cells-
CAFs interaction. This is the first study to show that multiple
tyrosine kinase inhibitors exert effects on CAFs by interfering
with their secretion of chemokines and growth factors which are
crucial for tumor invasion and metastasis. We are the first to find
the phospho-Akt expression in CAFs was correlated with the
capacity of Dovitinib to promote cell invasion. Treatment with
Dovitinib in combination with PI3K/Akt/mTOR signaling
inhibitors Ly294002 or RAD001 resulted in additive inhibition
of cell invasion. Targeting PI3K/Akt/mTOR signaling of CAFs
will be a complementary way for breast cancer therapy and
requires more research.
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Materials and Methods

Materials
Dovitinib (TKI-258, CHIR-258) was purchased from Sell-

eckchem (Munich, Germany); RAD001 was kindly provided by
Novartis Pharmaceuticals (Basel, Switzerland). Both of the drugs
was dissolved in dimethyl sulfoxide (DMSO) at a concentration
of 10¡3 M as a stock solution, then further diluted to the work-
ing concentration with cell culture media before use. Ly294002
was purchased from Biomol (Hamburg, Germany) and dissolved
in DMSO at a concentration of 10¡2 M as a stock solution;
Platelet-derived growth factor (PDGF) and fibroblast growth fac-
tor (FGF) were from Invitrogen (Darmstadt, Germany).

Breast cancer tissue samples and isolation of cancer-
associated fibroblasts (CAFs)

This study was approved by the Medical Ethics Committee of
Berlin University Medicine. The breast tumor specimens were
provided by the Breast Center of University Hospital Charit�e.

The isolation of CAFs from tumor tissues was carried out
according to the method of Sadnolova et al..37 Briefly, a 0.5 cm3

sample of breast tissue was cut from the edge of the tumor fol-
lowing surgical resection. The samples were then placed in
Dulbecco’s Modified Eagle’s Medium (DMEM; Sigma-Aldrich,
Taufkirchen, Germany) supplemented with 1% penicillin/strep-
tomycin (P/S, Gibco Invitrogen, Darmstadt, Germany) and 10%
fetal bovine serum (FBS, Gibco Invitrogen, Darmstadt, Ger-
many) referred to as basal medium, and immediately transported
to the laboratory. The tissue was then finely minced into 1–
2 mm3 fragments, washed twice in PBS supplemented with 1%
P/S, 1.5 g/ml fungizone (Fischer Scientific, Schwerte, Germany),
and disaggregated overnight in DMEM/Ham`s F-12 medium
supplemented with 10% FCS, 1% P/S and 2.5 mg/ml Ampho-
tericin, 0.1% collagenase III (Worthington Biochemical Corp.,
Troisdorf, Germany) at 37�C on a rotator. After 24 h incuba-
tion, the epithelial cells were separated from CAFs by differential
centrifugation, CAFs were washed twice and plated in 35 mm
dishes with DMEM/Ham`s F-12 medium supplemented with
10% FCS, 1% P/S and 2.5 mg/ml fungizone at 37�C in a
humidified chamber containing 5% CO2. Media was changed
every 2 d. When cells reached confluence they were passaged to a
25 cm2 flask by treating with 0.25% trypsin-25 mM EDTA
(Gibco Invitrogen, Darmstadt, Germany) and agitating until
cells begin to detach from the surface of the flask (passage 1; p1).
P2 cells were moved to a 75 cm2 flask and then passaged 1:4. All
experiments were performed with fibroblasts that have been cul-
tured for 3–10 passages.

Cell culture and conditioned media
The human breast cancer cell lines MCF-7, BT-474 and

MDA-MB-231 were obtained from European Collection of Cell
Cultures (Salisburg, Wiltshire, United Kingdom), and cultured
in RPMI-1640 medium supplemented with 10% FBS and 1%
P/S (all were purchased from Biochrom KG, Berlin, Germany).
Cells in logarithmic growth phase were used for further
experiments.

For collection of tumor cell-conditioned media, MDA-MB-
231 cells were washed 2 times with PBS and cultured for 4 d in
RPMI-1640 medium supplemented with 1% (v/v) P/S. For col-
lection of CAFs-conditioned media, CAFs cells were washed
2 times with PBS and cultured for 4 d in DMEM (low glucose)
medium supplemented with 1% (v/v) P/S.

Transwell� invasion assay
Cell invasion assay was performed with BD BioCoatTM Mar-

trigel Invasion Chambers with 8.0 mm pore inserts in 24-well
plates (BD Biosciences, Bedford, USA) according to man-
ufacturer’s protocol with modifications: 500 ml of serum-free
medium, 2 £ 104 CAFs, or conditioned media form CAFs, were
added respectively in triplicate to the lower compartments of
chambers. Inserts were replaced and 1£ 106 MDA-MB-231 cells
in 500 ml serum-free media were added into inserts. Chambers
were incubated for 18 h in humidified tissue culture incubator.
Non-invaded cells were removed from the top surface of the
inserts by scrubbing with cotton tip swabs. The cells on the lower
surface of the membrane were stained with Hemacolar� staining
kit (Millipore, Schwalbach/Ts., Germany) and mounted on
slides. The average number of invaded cells per chamber was
determined by counting invaded cells from 3 fields of triplicate
membranes under the microscope at 40–200 times magnifica-
tions depending on cell density.

Measurement of chemokines with ELISA
The production of chemokines CCL2, CCL5 and VEGF in

the cell culture media by MDA-MB-231 cells and/or CAFs were
measured with ELISA kits Quantikine� Human Rantes (CCL5),
human CCL2/MCP-1, or Human VEGF respectively (R&D
Systems, Wiesbaden-Nordenstadt, Germany) according to the
protocols provided by the manufacturers.

Western blot analysis
Cells were lysed after culture and protein concentrations of

whole cell lysates were measured using a BCA protein assay kit
(Pierce, Bonn, Germany). Western blot analysis was performed
as described previously.38 Antibodies against p-AKT (S473), p-
AKT (T308) and AKT were from Cell Signaling Technology
(New England Biolabs, Frankfurt am Main, Germany); antibody
against ß-Actin was from Santa Cruz Biotechnology (Heidelberg,
Germany).

Quantitative reverse-transcription polymerase chain reaction
(real time RT-PCR)

Total RNA from either untreated cells or cells treated with
Dovitinib was extracted using RNAeasy� mini kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions.
Two mg total RNA was reverse transcribed in a 25 ml reaction
volume using Oligo d(T) primers and M-MLV reverse transcrip-
tase (Gibco Invitrogen, Darmstadt, Germany) according to the
protocol of the manufacturer. Real time PCR for CCL2 or
CCL5 was performed in triplicates in a 25 ml reaction containing
1 ml cDNA, 500 pmol of each primer by using QuantiFastTM

SYBR� Green PCR master Mix Kit (Qiagen, Hilden, Germany).
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As an endogenous control, GAPDH was also amplified at the
same time. The amplification was carried out at the ABI Prism
7700 sequence detection system. The amplification program was

as followings: 50�C for 2 minutes, 95�C for 10 minutes, the sam-
ples were amplified for 45 cycles at 95�C for 15 seconds, fol-
lowed by 60�C for 1 minute. All primers were designed and
synthesized by TIB MOLBIOL (Berlin, Germany). The house
keeper gene GAPDH was used as internal control gene. Sequen-
ces of primers used were summarized in Table 1.

Statistical analysis
Results of the experimental studies were reported as mean§

SD obtained from at least 3 experiments. Student`s t-test for
paired samples was used to evaluate the statistical significance.
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