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Abstract
Molecularly targeted therapies have emerged as the leading theme in cancer therapeutics. Multi-
cytotoxic drug regimens have been highly successful, yet many studies in targeted therapeutics
have centered on a single agent. We investigated whether the Src/Abl kinase inhibitor dasatinib
displays synergy with other agents in molecularly heterogeneous breast cancer cell lines. MCF-7,
SKBR-3, and MDA-MB-231 display different signaling and gene signatures profiles due to
expression of the estrogen receptor, ErbB2, or neither. Cell proliferation was measured following
treatment with dasatinib ± cytotoxic (paclitaxel, ixabepilone) or molecularly targeted agents
(tamoxifen, rapamycin, sorafenib, pan PI3K inhibitor LY294002, and MEK/ERK inhibitor
U0126). Dose-responses for single or combination drugs were calculated and analyzed by the
Chou-Talalay method. The drugs with the greatest level of synergy with dasatinib were
rapamycin, ixabepilone, and sorafenib, for the MDA-MB-231, MCF-7, and SK-BR-3 cell lines
respectively. However, dasatinib synergized with both cytotoxic and molecularly targeted agents
in all three molecularly heterogeneous breast cancer cell lines. These results suggest that
effectiveness of rationally designed therapies may not entirely rest on precise identification of
gene signatures or molecular profiling. Since a systems analysis that reveals emergent properties
cannot be easily performed for each cancer case, multi-drug regimens in the near future will still
involve empirical design.

1. INTRODUCTION
Combination cytotoxic therapy has produced cures in adult and pediatric leukemias,
lymphomas, and solid tumors as well as longstanding disease control for a number of other
cancers.[1] However, cytotoxic therapy may result in severe toxicity and compromise in
quality of life. By being more selective and less toxic, molecularly targeted therapy provides
a new paradigm in rational cancer therapy.[2] Three principles drive the development of
molecularly targeted therapy. Firstly, tumor cells depend on or are “addicted” to the
activities of an oncogene, which provides an “Achilles’ heel” for a drug to target.[3] A
second principle states that a combination of drugs is more effective than any single agent
by preventing chemoresistance.[4] An emerging third principle advances that each cancer
has its own signature.[5] The design of multi-drug regimens incorporating molecularly
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targeted agents amidst a growing range of novel therapeutics and in the context of unique
cancer profiles poses a great challenge.[6] Also complicating the design of molecularly
targeted therapy has been the revelations of previously unappreciated pathways, such as
feedback upregulation of PI 3-kinase by rapamycin or activation of c-Raf by B-Raf
inhibitors.[7; 8]

Dasatinib is an oral, Src/Abl tyrosine kinase inhibitor, first approved in 2006 by the Food
and Drug Administration for use in patients with resistance or intolerance to prior therapy
including imatinib in patients with Ph+ chronic myeloid leukemia (CML). Dasatinib also
targets Src family kinases (SFK), which drives many different signaling pathways.[9]
Aberrant SFK activity promotes the survival, proliferation, and metastases of many different
human cancers, such as breast, colorectal, and prostate cancers.[10] We have previously
reported that dasatinib inhibits cell progression by inducing G1 arrest and blocks migration
in the highly invasive, triple-negative (ER-, PR-, Her2-) MDA-MB-231 breast cancer cell
line.[11] By blocking the actions of either non-receptor or receptor tyrosine kinases,
dasatinib exerts anti-cancer actions by promoting apoptosis or inhibiting proliferation,
angiogenesis, invasion, or bone resorption.[12]

Despite supportive preclinical data, two single agent phase II studies showed limited
responses to dasatinib in patients with advanced Her2-positive, hormone-receptor-positive,
or triple negative breast cancers.[13; 14] We hypothesized that combining a specific
molecular targeted drug with dasatinib can enhance efficacy in inhibiting cell growth of a
specific breast cancer cell line according to the molecular profile of the given breast cancer
cell type. To test this hypothesis, we evaluated dasatinib-containing regimens on breast
cancer cell lines with different molecular profiles. Breast cancer cells may be distinguished
by the presence or absence of estrogen receptor (ER), progesterone receptor (PR), or ErbB2
(Her2). We studied three cell lines with different receptor profiles: MDA-MB-231 (ER-,
PR-, Her2-), MCF-7 (ER+, PR+, Her2-), and SK-BR-3 (ER-, PR-, Her2+). These three cell
lines also possess different oncogene mutations (Table 1). MDA-MB-231 cells are highly
sensitive to dasatinib, while MCF-7 cells are moderately sensitive and SK-BR-3 cells are
resistant to dasatinib. [11; 15] These cell lines display different genetic, [16; 17] epigenetic,
[18] and protein[19] expression patterns as well as single drug response profiles.[20]
Surprisingly, our results showed that synergy between dasatinib and both cytotoxic and
molecularly targeted agents were found in all cell lines. These results suggest that
molecularly targeted agents, such as the multi-kinase inhibitor dasatinib, can have a broader
role in cancer therapeutics and that the design of clinical trials of combination therapies will
remain empiric.

2. MATERIALS AND METHODS
2.1 Cell Culture

MDA-MB-231 and MCF-7 cells were cultured in MEM media (Invitrogen) supplemented
with 10% FBS, 2 mM glutamine (Invitrogen), 100 U/ml penicillin, 100 ug/ml streptomycin,
0.1 mM non-essential amino acids, and 10 mM HEPES buffer solution. SK-BR-3 cells were
cultured in DMEM media (Invitrogen) supplemented with 10% FBS, 2 mM glutamine, 100
U/ml penicillin, and 100 ug/ml streptomycin. Cells were incubated in 37 C in 5% CO2. The
cell lines were validated by short tandem repeat DNA fingerprinting, as reported elsewhere.
[21]

2.2 Cell Proliferation Assay
Dose-responses were measured through MTT assay (ATCC #30-1010K) following the
manufacturer’s instructions. Cells were seeded at a density of 3500 cells per well in 96-well
plates for 24 hrs prior to treatment in growth medium with 10% FCS. After 24, 48, or 72 hrs
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of incubation with the indicated drugs or compounds, an MTT assay was performed with
absorbance measured at 600 nm using a microplate reader (FLUOstar OPTIMA). Data
analysis was performed with Excel software (Microsoft, Redmond, WA). Surface response
models were generated using MATLAB software (The MathWorks, Inc, Natick, MA).

2.3 Cell Cycle Distribution
Cells were plated 5 × 105 cells in 100 mm dishes for 24 hrs prior to treatment in growth
medium containing 10% FCS. Drugs were administered for 48 hrs. Cells were detached
from the dish surface through trypsinization, fixed with 70% cold EtOH, and stored at -20 C.
Cells were stained with 100 ug/ml RNase A (Sigma), 10 ug/ml propidium iodide (Sigma),
and 0.1% Triton X-100 in PBS for 30 min at room temperature. Fluorescence was measured
using a flow cytometer (BD LSR II). Cell cycle distribution was analyzed with FlowJo
software (TreeStar, San Carlos, CA).

2.4 Mathematical Analysis
The dose-response of the drug combinations were modeled using the Median-Effect
Equation, a generalized equation unifying the Hill, Scatchard, Michaelis-Menten, and
Hasselbalch equations to succinctly describe the dose-effect relationship.[22] The Median-
Effect Equation provides a way to assess the dose-response of a substance in a given
population of cells:

where D is the dose, fa is fraction affected, fu is fraction unaffected, IC50 is median-effect
dose, and m is the slope or kinetic order. Taking the logarithm converts this equation into a
linear form that can be easily applied to linear regression analysis:

From obtaining a small collection of data points and using regression analysis, IC50 values
can be accurately and rapidly interpolated from dose-response curves modeled using the
Median-Effect Equation.

Combination index (CI) values were calculated through the Chou-Talalay method.[22] The
CI provides a quantitative value for synergy and is given by:

for two mutually exclusive drugs. CI values less than 1.0 indicate synergy, with values
closer to zero representing increasing synergy.

A surface response model provides a drug response landscape between two drugs and is
useful in predicting the effects of a combination of drugs at various ratios. In this study, drug
combinations were performed in a 1-to-1 ratio. Since a 1-to-1 ratio of drugs may not
generally be the most efficacious combination, response surface models were generated to
simulate the dose-response at all ratios of a two drug combination. The drug response
landscapes were modeled using the following equation:[23]
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The maximal effect is represented by Emax, which is 1 since ideally 100% of the cells
become affected with increasing drug concentration. The coefficient α is a factor for the
interaction between the two drugs, with α > 0 indicating synergy, α = 0 additivity, and α <
0 antagonism. This equation assumes that the response of each drug has the same kinetic
order, n, which measures the steepness of the effect. However, each drug in actuality
possesses a different kinetic order. Therefore, the model will provide a more accurate
representation of the interaction between drugs with relatively similar kinetic orders. Matlab
code for generating surface response plots is provided in Supplemental Text.

3. RESULTS
To test our hypothesis, we chose to study the effects of dasatinib in combination with
cytotoxic drugs or molecularly targeted agents on three breast cancer cell lines, which are
well-characterized in the variability in their gene expression, protein expression, and cancer
phenotype.[24; 25] Single agent dose-response and combination dose-responses were
experimentally derived and are shown in Figures 1 and 2. Table 2 summarizes the calculated
IC50 values for single agents. Not surprisingly, the cytotoxic drug paclitaxel was the most
potent for all three cell lines studied. The IC50 and CI values of combinations with dasatinib
are shown in Table 3. The combination of dasatinib and rapamycin was observed to be
strongly synergistic in both MDA-MB-231 and MCF-7 cell lines.

3.1 Effects of dasatinib-based treatment on ER+ breast cancer cells
Derived from invasive breast ductal carcinoma, MCF-7 cells display estrogen and
progesterone receptors.[26] MCF-7 cells were found to be moderately sensitive to dasatinib
with an IC50 of 2100 nM. In combinations with other drugs, dasatinib was most synergistic
with the cytotoxic molecules ixabepilone and paclitaxel with CI of 0.19 and 0.21
respectively. The molecularly targeted agents sorafenib, PI3K inhibitor, and MEK/ERK
inhibitor were only slightly synergistic when combined with dasatinib (Figures 2 and 3).

MCF-7 cells will respond to estrogen with cell proliferation. As a result, the estrogen
receptor antagonist tamoxifen was expected to impose a large inhibitory growth response.
However, the observed IC50 value for single agent tamoxifen was large (IC50 = 9900 nM)
and had only a marginal inhibitory effect in the proliferation of MCF-7 cells. This
observation can be attributed to the absence of the hormone estrogen in our cultured growth
media. Therefore, tamoxifen was essentially inhibiting a receptor for a hormone that was
nonexistent in the surrounding environment. The fact that synergy was observed in the
combination of dasatinib and tamoxifen is intriguing because of crosstalk between Src and
ER signaling pathways, a mechanism demonstrated previously but perhaps
underappreciated.[27]

3.2 Effects of dasatinib-based treatment on Her2+ breast cancer cells
The SK-BR-3 cell line displays high levels of epidermal growth factor receptor, erbB2
(Her2), and c-Myc.[28] Once known to be an ominous subtype of breast cancer, Her2+
breast cancers have now become radically exploited by their receptor characteristics and
successfully treated by targeted anti-Her2 antibodies, such as trastuzumab. Before the advent
of Her2-specific targeted drugs, very few successful therapies existed for Her2+ breast
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cancers. Our findings indicate other potential therapeutic options for Her2+ breast cancers.
The cytotoxic molecules, ixabepilone and paclitaxel, were very potent inhibitors of cell
proliferation of SK-BR-3 cells with IC50 of 3.8 nM and 2.2 nM respectively. Of the three
cell lines examined in this study, dasatinib inhibited growth least effectively in SK-BR-3
cells with an IC50 of 4000 nM. This finding is consistent with studies that have shown that
SK-BR3 cells are resistant to dasatinib for growth inhibition. Nonetheless, synergy was
observed in all combinations with dasatinib (Table 3). Synergy was greatest when dasatinib
was combined with the signaling pathway inhibitor sorafenib, resulting in a CI of 0.38.
Moderate synergism was seen for combinations with ixabepilone, paclitaxel, rapamycin, and
LY294002, while tamoxifen was not tested since SK-BR-3 cells lack estrogen receptors.
Although the combination of dasatinib and U0126 was calculated to be slightly synergistic,
Figure 2 shows that there was no statistically significant difference between single dasatinib
and dasatinib+U0126 at all tested drug doses.

3.3 Effects of dasatinib-based treatment on triple-negative breast cancer cells
Originating from a breast cancer patient with malignant pleural effusion,[29] MDA-MB-231
cells lack expression for ER, PR, and Her2. Triple-negative breast cancers are a relatively
aggressive and invasive subtype of breast cancer with relatively few available targeted
treatment therapies to date. For instance, tamoxifen (IC50 ≫ 5000 nM) had no inhibitory
effect on the growth and proliferation of MDA-MB-231 cells due to their lack of estrogen
receptors. MDA-MB-231 cells were found to be sensitive to dasatinib with an IC50 of 230
nM. As with the other cell lines in this study, Table 3 shows that all drug combinations with
dasatinib synergistically inhibited cell proliferation in MDA-MB-231 cells. Dasatinib
displayed strong synergistic interactions with other signaling pathway inhibitors (rapamycin,
sorafenib) and moderate synergism with cytotoxic molecules (ixabepilone, paclitaxel). Flow
cytometric analysis of cell cycle distribution following dasatinib + rapamycin or dasatinib +
sorafenib treatment demonstrated no synergy in increasing the number of cells in G1 arrest
(Supplemental Figure 1). This is probably due to a maximal response in G1 arrest induced
by dasatinib

3.4 Graphical and mathematical analysis of drug synergy with dasatinib
The CI values were plotted side-by-side for MD-MB-231, MCF-7, and SK-BR-3 cell lines
to look for any general trends of synergism (Figure 3). While none of the drug combinations
exhibited comparable levels of synergism across all three lines, there were similar CI values
(within 0.1) between the MCF-7 and SK-BR-3 lines for several combinations, including
paclitaxel, the PI3K inhibitor LY294002, sorafenib and tamoxifen, a fact that may suggest
similarities in aberrant signaling pathways between the lines that should be investigated
further.

Interestingly, the strongest synergy (CI = 0.11) was observed for the combination of
dasatinib and rapamycin in MDA-MB-231 cells. In addition, the surface response model for
this combination possessed the greatest alpha value (α ≫ 0), with α > 0 signifying synergy
as shown in Supplemental Table 1. Single therapy rapamycin on MDA-MB-231 cell
proliferation was found to be unresponsive (IC50 ≫ 5000 nM), which agrees with previous
studies.[30; 31] This suggests that mTOR plays a minimal effect on the growth and
proliferation of triple-negative breast cancers. However, the combination of dasatinib plus
rapamycin drastically lowered the IC50 down to 24 nM, indicating that mTOR signaling may
instead play more of a role as a salvage pathway for growth and proliferation of triple-
negative breast cancers. For the combination of dasatinib and rapamycin, calculating the CI
value is useful in providing insight into the feedback interaction mechanism between the
Abl/Src and mTOR signaling pathways. mTOR signaling may be further induced as the Abl/
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Src signaling becomes compromised. Thus, simultaneously inhibiting both pathways
explains the synergistic effects of dasatinib plus rapamycin.

Mathematical analysis through the CI and surface response models are helpful in
determining the additive or multiplicative benefits of adding another drug to an existing
therapy. MDA-MB-231 cells were observed to be very sensitive to the cytotoxic drugs
ixabepilone and paclitaxel, both with IC50 < 5nM. Adding incremental amounts of dasatinib
to an existing ixabepilone based therapy showed little benefit as opposed to adding
incremental amounts of ixabepilone to dasatinib (Figure 4). These data suggest that it might
be clinically more effective to design therapy based on a molecular targeted agent with few
side effects and then add a cytotoxic drug that carries more toxicity. Following the law of
diminishing returns (also known as the law of increasing relative cost), mathematical
analysis can predict the most efficacious drug combinations as well as the most beneficial
ratios of drugs.[32]

Two-dimensional projections of the surface response contours were generated to better
visualize the dose-response relationship for the drug combinations tested (Supplemental
Figure 2). In these plots, different colors correspond to different degrees of growth
inhibition. For instance, when dasatinib is dosed at 2000 nM, then the addition of a PI 3-
Kinase inhibitor does not add to growth inhibition in MD-MB-231 cells (Supplemental
Figure 2E). Because the number of drug combinations and their dosages becomes
astronomical, experimental determination of surface response contours can facilitate clinical
trial design of combinations.

4. DISCUSSION
Despite major advances in the identification of oncogenes and components of signaling
pathways and molecular classification of cancers, molecularly targeted therapy has had
limited success in oncology. Genetic heterogeneity of tumors and their plasticity will
provide obstacles to new multi-drug therapies. Here, we have shown that dasatinib
synergizes with both molecularly targeted agents and cytotoxic drugs in molecularly
heterogeneous breast cancer cells. Recent studies suggest that dasatinib also synergizes with
activators of p53[33], or inhibitors of Chk1[34], androgen receptor[35], and HSP90[36]. The
CI value provides a measure of synergy at a certain observed level of effect. In this study,
the observed effects were compared at the median-effect dose. Response surface models
were also generated to substantiate the observed synergy calculated through the combination
index. Our data suggest that molecularly targeted therapies can still be discovered via
traditional empirical methods and their use need not be limited by specific tumor molecular
profile.

A principle in systems biology, such as highly optimized theory, predicts the existence of
critical hubs.[37] As applied to cancer therapeutics, this principle does not take into
consideration drug resistance due to cancer cells displaying genetic instability or recruiting
salvage pathways.[38; 39; 40] While resistance due to acquired mutations in either the
kinase or ATP binding domains may be overcome by synthesizing new inhibitors, a more
vexing problem is the recruitment of salvage pathways. For example, the Src kinase Lyn
mediates growth and survival of imatinib-resistant CML cells by both providing tyrosine
kinase activity and upregulating Bcl-2 anti-apoptotic pathways.[41] We observed that
dasatinib when combined with PI 3-kinase pathways inhibitors (PI 3-Kinase or mTOR) or
MEK/ERK inhibitors showed synergy. Thus, the plasticity of a cancer cell belies the
principle of therapeutic targeting of a specific set of hubs. Whether multi-drug regimens
incorporating molecularly targeted agents can more successfully evade acquired resistance
remains to be demonstrated.
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Clinical testing of novel combination therapies must overcome multiple obstacles, one of
which rests on compelling biologic rationale for their use.[6] A number of trials involving
dasatinib in combination with other agents are ongoing for ER+ breast cancer, Her2+ breast
cancer, prostate cancer, melanoma, non-small cell lung cancer, colorectal cancer, and head/
neck cancer.[12] Although identification of a Src oncogenic signaling pathway can predict
dasatinib sensitivity,[42] it inhibits a much wider range of receptor and non-receptor
tyrosine kinases. Our results challenge the notion that effectiveness of rationally designed
therapies must be guided by the precise identification of gene signatures or cancer
fingerprints. The rationale for combining a particular set of molecularly targeted agents may
be elusive, unpredictable, or even counter-intuitive.[43; 44] Since systems analysis that
reveals emergent properties cannot yet be easily performed for each cancer case, design of
multi-drug regimens will still involve empiricism in the foreseeable future. One objective of
systems biology is to map signaling pathways and identify vital nodes or hubs as potential
targets for small molecule inhibitors. Experimental evidence bearing out rational
combinations of molecularly targeted agents against oncogene addiction pathways has been
restricted to a few particularly strong cases, still far from supporting a generalizable concept.
The demonstration of antagonistic drug combinations that prevent drug resistance and
treatment failure provides another example of counter-intuitive multi-drug design. A brute-
force exploration of all possible combinations is ideal but cost-prohibitive, necessitating the
use of algorithmically guided screens. Zinner et al have employed hill-climbing algorithms
based on multi-generational iterative searches of the combinatorial space to increase the
efficiency and lower the cost of finding such combinations.[44]

Progress in treating cancers has come from empiric design of combination therapies. Their
mechanism of action was to prevent cell division based on the use of genotoxic drugs to
target either DNA or microtubules. With the discovery of oncogenes, the therapeutic goal
has shifted to blocking oncogene addiction to growth, especially those involving kinases.
With few exceptions, chiefly imatinib in chronic phase CML or gastrointestinal stromal
tumors and trastuzumab in Her2+ breast cancer, molecularly targeted therapy has had only
limited or transient non-curative responses. This may be largely due to the multivariate
components of signaling networks driving surivival/apoptosis decision points.[45; 46] An
immediate benefit, however, is that development of molecularly targeted agents expands the
number of anti-cancer drugs and broadens the mechanisms of actions. With dasatinib as an
example, this class of drugs shows synergy with a wide range of other molecularly targeted
agents as well as cytotoxic drugs. Co-culturing breast cancer cells with stromal cells may
reveal further dasatinb-based synergy.[47]The sheer number of new drugs entering trials is
staggering, and their combinatorial permutations numbing. Emerging cancer therapies will
remain combinational and largely empirically designed, yet greater computational power
and newer in silico methods[48; 49] will help us find optimal combinations more
economically, effectively, and expeditiously. These methods include new or improved
search algorithms based upon hill-climbing methods[44] used to find combinations in a
noisy combinatorial landscape that maximize a pre-defined fitness function. Such tools will
be useful in directing the exploration of new drug cocktails when exhaustive screens of all
combinations are impossible.[50]

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. MTT assay of MDA-MB-231, MCF-7, and SK-BR-3 cells treated with single drugs for
48 hours
Percent proliferation is calculated relative to untreated controls. Data points represent
averages from triplicates from a representative experiment, which were done at least three
times independently.
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Figure 2. MTT assay of MDA-MB-231, MCF-7, and SK-BR-3 cells treated with drug
combinations with dasatinib for 48 hours
Drug combinations were administered in a 1:1 ratio. Percent proliferation was calculated
relative to untreated controls. Data points represent averages from triplicates. Error bars
indicate standard deviation.
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Figure 3. Compilation of CI values @ IC50 for different drug combinations in MCF-7, MB-231,
and SK-BR-3 cells
The CI values provide the following interpretations: <0.1 very strong synergism; 0.1 to 0.3
strong synergism, 0.3 to 0.7 synergism, 0.7 to 0.85 moderate synergism, 0.85 to 0.9 slight
synergism, 0.9 to 1.10 nearly additive.
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Figure 4. Surface response model illustrate profound changes in dose-response of ixabepilone
with dasatinib in MDA-MB-231 cells
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