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Abstract
Purpose—c-Src is an important adapter protein with estrogen receptor (ER) and human
epidermal growth factor receptor 2 (HER2), which validates it as an attractive target for the
treatment of breast cancer. A specific c-Src inhibitor, PP2, was utilized to block c-Src activity to
identify targeted vulnerabilities affected by ER and HER2 in a panel of breast cancer cell lines.

Methods—ER, growth factor receptors, and signaling pathways were detected by Western-blot.
The DNA content of the cells was determined by using a DNA fluorescence quantitation kit. Cell
cycles were analyzed by flow cytometery.

Results—The antiproliferative effect of PP2 closely correlated with the inhibition of c-Src
mediated ERK/MAPK and/or PI3K/Akt growth pathways. Inhibition of c-Src tyrosine kinase
predominantly blocked ER negative breast cancer cell growth, particularly the triple (i.e. ER, PR,
and HER2) negative cells. In contrast, ER negative Sk-Br-3 cells with highest HER2
phosphorylation were resistant to PP2, in which hyper-activated HER2 directly regulated growth
pathways. However, blocking c-Src recovered ER expression and down-regulated HER2 which
made Sk-Br-3 cells regain responsiveness to 4-hydroxytamoxifen. The majority of ER positive
cells were not sensitive to PP2 regardless of wild-type or endocrine resistant cell lines.

Conclusions—c-Src mediates the essential role of growth pathways in ER negative breast
cancer cells. The ER positive and HER2over-activationare two important predictive biomarkers
for the resistance to a c-Src inhibitor. These data provided an important therapeutic rationale for
patient selection in clinical trials with c-Src inhibitors in breast cancer.
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1. Introduction
Targeting estrogen receptor (ER) and human epidermal growth factor receptor 2 (HER2) are
two successful therapies in the treatment of breast cancer patients expressing relevant target
molecules (1,2). c-Src is a ubiquitously expressed intracellular tyrosine kinase that regulates
protein-protein interactions and participates as a convergence point in different signaling
pathways (3). c-Src functions as an important adapter protein between ER and receptor
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tyrosine kinases such as the epidermal growth factor receptor (EGFR) and HER2 in breast
cancer (4–6). In this regard, c-Src acts as a critical component of the signaling cascades
initiated by ER and HER2 to activate the mitogen-activated protein kinase (MAPK) and
phosphoinositide 3-kinase (PI3K)/AKT pathways (6,7), both of which cause ER
phosphorylation and ER-dependent gene transcription (7).

Observations in vitro also support that multiple levels of association exist among ER, HER2,
and c-Src in breast cancer. Targeting ER with tamoxifen increases c-Src activity which
enhances cellular invasion and motility in breast cancer cells (8,9). Furthermore, c-Src is
shown to be critical in mediating tamoxifen resistance since blocking its activity reverses
tamoxifen resistance (10). A recent report indicates that c-Src is a common node
downstream of multiple trastuzumab (targeting HER2) resistance pathways (11). These
observations highlight c-Src as an important therapeutic target for the treatment of human
breast cancer.

Dasatinib, a potent oral inhibitor of c-Src family tyrosine kinase, is approved for clinical use
in imatinib-resistant and -intolerant chronic myeloid leukemia and solid tumor (12,13).
Preclinical studies in breast cancer cell lines have shown that basal like triple negative (i.e.
ER, PR, and HER2) breast cancer may have preferential sensitivity to the c-Src inhibitor
(14,15). Two parallel phase II monotherapy studies of dasatinib in breast cancer were
initiated in different breast cancer subtypes. In patients with triple-negative breast cancer
(TNBC), dasatinib has good tolerability and modest activity (16), whereas dasatinib has
limited single-agent activity in patients with HER2 positive and/or hormone receptors (HR)
positive advanced breast cancer (17). These findings imply that HR and HER2 may prevent
the therapeutic effects of the c-Src inhibitor in breast cancer. Thus, there is a need to identify
patients who are unlikely to respond to the c-Src inhibitor treatment. More importantly,
factors that cause c-Src inhibitor resistance will serve as molecular targets to improve the
action of c-Src inhibitors. Unfortunately, there is little understanding of resistance to the c-
Src inhibitors in breast cancer cells.

The goal of this study is to identify biological markers of resistance to a c-Src inhibitor in a
panel of wild-type and endocrine resistant breast cancer cell lines. We demonstrate that c-
Src has an essential role in mediating the growth pathways of ER negative breast cancer
cells. ER positive and HER2 over-activation reduce the responsiveness to the c-Src
inhibitor. Indeed, c-Src controls estrogen action in ER positive antihormone resistant cells.
Our data provide an important therapeutic rationale for patient selection in future clinical
trials of c-Src inhibitors in breast cancer.

2. Materials and methods
2.1 Materials

c-Src inhibitor PP2 was purchased from CalBiochem (San Diego, CA). Sources of
antibodies for Western blot are as follows: ERα (sc-544) and PR (sc-810) antibodies were
from Santa Cruz Biotechnology (Santa Cruz, CA). Total MAPK antibody (#9102),
phosphorylation MAPK (#9101), total Akt (#9272), phosphorylated AktSer473 (#9271),
phosphorylated c-SrcTyr416 (#2101L) antibodies and secondary antibodies conjugated with
horseradish peroxidase (rabbit #7074, mouse #7076) were from Cell Signaling Technology
(Beverly, MA). Phosphorylated HER2Tyr1248 and total c-Src mouse (GD11) antibodies were
from Millipore (Temecula, CA). Antibodies to HER2 (Ab18) and EGFR (Ab15) were from
NeoMarkers (Fremont, CA).
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2.2 Cells and culture conditions
Briefly, MCF-7:WS8 and T47D:A18 human mammary carcinoma cells, clonally selected
from their parental counterparts for sensitivity to growth stimulation by E2 (18), were used
in all experiments indicating MCF-7 and T47D cells. ZR-75-1, BT474, and Sk-Br-3 cells
were obtained from American Type Culture Collection (ATCC, Manassas, VA). MDA-
MB-231(10A) cells (19), clonally selected from parental MDA-MB-231 cells (obtained
from ATCC), were used in this study indicating MDA-MB-231 cells. MCF-7:5C and
MCF-7:2A cells were cloned from E2 deprived MCF-7 cells and maintained in E2-free
RPMI medium which is phenol red-free RPMI 1640 supplemented with 10% dextran-coated
charcoal-stripped fetal bovine serum (SFS) (20,21). T47D:C42 cells were cloned from E2
deprived T47D cells and maintained in E2-free RPMI 1640 medium (22). Pure antiestrogen
fulvestrant resistant cell line MCF-7/F was derived from MCF-7 which was maintained in
phenol red RPMI 1640 medium supplemented with 10% FBS (23).

2.3 Cell Proliferation Assays
Cell DNA content was determined as a measure of cell proliferation using the Fluorescent
DNA Quantitation Kit (Bio-Rad, Hercules, CA) (24).

2.4 Immunoblotting
Proteins were extracted in cell lysis buffer (Cell Signaling Technology, Beverly, MA)
supplemented with Protease Inhibitor Cocktail (Roche, Indianapolis, IN) and Phosphatase
Inhibitor Cocktail Set I and Set II (Calbiochem, San Diego, CA). Total protein content of the
lysate was determined by a standard BCA assay using the reagent from Bio-Rad
Laboratories (Hercules, CA). Fifty micrograms of total protein were separated on 10% SDS
polyacrylamide gel and transferred to a nitrocellulose membrane. The membrane was
probed with primary antibodies followed by incubation with secondary antibody conjugated
with HRP and reaction with Western Lighting™ plus-ECL enhanced chemiluminescent
substrate (PerkinElmer Inc., Waltham MA). Protein bands were visualized by exposing the
membrane to X-ray film.

2.5 Cell cycles analysis
Briefly, Sk-Br-3, BT474, T47D:C42, and MDA-MB-231 cells were cultured in dishes. They
were treated with vehicle (0.1% DMSO), lapatinib (1μM), and PP2 (5μM) for 24h
respectively. Cells were harvested and gradually fixed with 75% EtOH on ice. After staining
with propidium iodide (PI), cells were analyzed using a fluorescence-activated cell sorter
(FACS) flow cytometer (Becton Dickinson, San Jose, CA), and the data were analyzed with
CellQuest software.

2.6 Quantitative Real-time RT-PCR
Cells were harvested in TRIzol. Total RNA, isolated with an RNeasy Micro kit (Qiagen,
Valencia, CA), was converted to first-strand cDNA using a kit from Applied Biosystem
(Foster City, CA). Quantitative real-time PCR assays were done with the SYBR Green PCR
Master Mixes (Applied Biosystems, Foster City, CA) and a 7900HT Fast Real-time PCR
System (Applied Biosystems, Foster City, CA). The PUM1 forward primer was 5'-
AATGCAGGCGCGAGAAAT-3', PUM1 reverse primer was 5'-
TTGTGCAGCTGAGGAACTAATGA-3'. The ERα forward primer was 5'-
GGAGGGCAGGGGTGAA-3', ERα reverse primer was 5'-
GGCCAGGCTGTTCTTCTTAGA-3'. All the data were normalized by PUM1.
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2.7 Statistical Analysis
All reported values are the means ± SE. Statistical comparisons were determined with two-
tailed Student's t tests. Results were considered statistically significant if the P value was
<0.05.

3. Results
3.1 Baseline levels of ER, HER2, and c-Src activation in a panel of breast cancer cell lines

We addressed the question whether expression of ER and growth factor receptors would
affect the therapeutic effects of the c-Src inhibitors in breast cancer cells. To answer this
question, a panel of wild-type (MCF-7, T47D, ZR-75-1, BT474, MDA-MB-231, and Sk-
Br-3) and endocrine resistant (MCF-7:5C, MCF-7:2A, MCF-7/F, and T47D:C42) breast
cancer cell lines were investigated. Baseline levels of ER, HER2, EGFR, and c-Src were
measured by immunoblot analysis. They all keep their biological characteristics with
differential levels of ER, PR, HER2, and EGFR (Supplementary Fig. S1A and S1B). All cell
lines expressed detectable levels of total c-Src, whereas they manifested different levels of
phosphorylated c-Src (Supplementary Fig. S1C). The DNA fingerprinting pattern of all cell
lines is consistent with the report by the ATCC (Supplementary Fig. S2).

3.2 Inhibitory effects of the c-Src inhibitor on ER positive wild-type breast cancer cells
All ER positive wild-type breast cancer cells were cultured in estrogenized medium. The
specific c-Src inhibitor, PP2, effectively blocked phosphorylation of c-Src in all cell lines
(Fig. 1A). However, PP2 could not inhibit all cell growth (Fig. 1B). T47D and BT474 cells
were responsive to PP2 with 50% and 40% inhibition after 7 days treatment, respectively
(Fig.1B), whereas MCF-7 and ZR-75-1 cells were resistant to PP2 treatment (Fig.1B).
Further investigation showed that antiproliferative effects of PP2 were correlated with
inhibition of ERK/MAPK and/or PI3K/Akt pathways. PP2 could not continuously block
growth pathways in resistant cells such as MCF-7 and ZR-75-1 (Fig. 1C). In contrast, PP2
effectively inhibited both signaling pathways in T47D and BT474 cells (Fig. 1C).

3.3 Inhibitory effects of the c-Src inhibitor varied under conditions with or without basal E2
in ER positive wild-type breast cancer cells

Since basal estrogen levels in the culture medium affect the biological function of the ER
positive wild-type breast cancer cells (18) (Supplementary Fig. S3), we investigated
inhibitory effects of the c-Src inhibitor on ER positive wild-type cells under conditions with
(10% FBS) or without (10% SFS) basal estrogen. Two distinct modulations of c-Src
phosphorylation existed in ER positive wild-type cells after short-term absence of E2.
MCF-7 and ZR-75-1 cells had the same pattern with enhanced c-Src phosphorylation,
conversely, c-Src phosphorylation was down-regulated in T47D and BT474 cells (Fig. 2A).
Therefore, inhibition by PP2 varied in ER positive wild-type cells under these two
conditions (Fig. 2B). MCF-7 cells were effectively responsive to PP2 under conditions
without basal E2 (10% SFS), conversely, T47D cells were completely resistant to PP2 in
phenol red free medium (Fig. 2B). Four ER positive wild-type breast cancer cells were
stimulated by E2 to grow with different sensitivity (Fig.2C). Notably, PP2 could not block
the proliferation induced by E2 in MCF-7 and ZR-75-1 cells but partially abolished E2
stimulation in T47D and BT474 cells (Fig. 2C). These results indicated that c-Src might play
a distinct role in mediating E2 signaling in wild-type cells (4, 25).

3.4 Effects of the c-Src inhibitor on ER positive endocrine resistant breast cancer cells
In two endocrine resistant cells (MCF-7:5C and MCF-7:2A), that overexpress ER, PP2
could block c-Src activation (Fig. 3A) and abolished about 25% of proliferation in
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MCF-7:5C cells but without any inhibition in MCF-7:2A cells (Fig.3B). The inhibitory
effects of PP2 were consistent with blocking growth pathways in different cells.
Phosphorylated Akt was abolished in MCF-7:5C cells but without continuous inhibition of
MAPK. PP2 could not continuously block both growth pathways in MCF-7:2A cells (Fig.
3C). Our previous data showed that E2 has therapeutic function to induce apoptosis in long-
term E2 deprived breast cancer cells (24). We reasoned that a combination of PP2 with E2
would enhance E2-induced apoptosis. Surprisingly, PP2 did not enhance the growth
inhibitory effects of E2 on these two cell lines but blocked the growth inhibition induced by
E2 (Fig. 3D). These data implied that E2-triggered apoptosis might be utilizing c-Src
tyrosine kinase as an important signaling pathway. We are currently investigating the
mechanisms of how the c-Src inhibitor blocks E2-triggered apoptosis.

3.5 The c-Src inhibitor effectively blocked ER negative breast cancer cell growth
The inhibitory effects of the c-Src inhibitor, PP2, on ER negative breast cancer cell lines
were examined in two wild-type MDA-MB-231 and Sk-Br-3 and two endocrine resistant
cell lines MCF-7/F and T47D:C42. PP2 blocked the phosphorylation of c-Src in all ER
negative cells (Fig. 4A). However, the growth inhibitory effects of the c-Src inhibitor were
different. PP2 could inhibit 80% of cell growth in MDA-MB-231 cells. In contrast, PP2
exerted no inhibitory effects on Sk-Br-3 cells with HER2 overexpression (Fig. 4B).
Inhibition of c-Src could efficiently suppress around 60% of cell growth in both endocrine
resistant cells, MCF-7/F and T47D:C42 (Fig. 4B). The triple negative MDA-MB-231 cell
line was the most sensitive to PP2. These results demonstrated that HER2 amplification
might be an indicator for resistance to the c-Src inhibitors in clinical trials. Further
investigation indicated that PP2 effectively blocked the MAPK and Akt pathways in the c-
Src inhibitor sensitive cells, whereas MAPK and Akt phosphorylation were increased in Sk-
Br-3 cells (Fig.4C). The data implied that HER2 might drive the growth pathways in Sk-
Br-3 cells.

3.6 Activation status of HER2 determined the inhibitory effects of the c-Src inhibitor
HER2 overexpression leads to a very aggressive cancer phenotype and poor patient survival
(26). c-Src is known to bind to HER2 and is thus activated in HER2-overexpressing cancer
cells (27,28). BT474 and Sk-Br-3 cells overexpress endogenous HER2 (Supplementary Fig.
S1B), however, they had different responses to PP2 (Fig.1B and 4B). To examine whether
HER2 activation affects the inhibitory rate of PP2, phosphorylation of HER2 was evaluated.
Among tested cell lines, Sk-Br-3, BT474, and T47D:C42 cells had elevated though different
levels of HER2 activation. As a control, HER2 was undetectable in MDA-MB-231 cells
(Fig.5A). HER2 was highly activated in Sk-Br-3 cells compared with BT474 cells which
made it hypersensitive to lapatinib, a dual tyrosine kinase inhibitor of HER2 and EGFR (Fig.
5B). The growth inhibitory effects by lapatinib corresponded to the levels of phosphorylated
HER2 (Fig. 5B). We observed that HER2 hyper-activation rendered breast cancer cell
completely resistant to PP2, the higher HER phosphorylation, the lower responsive rate to
PP2 (Fig. 5B). This was further confirmed by S phase changes through flow cytometric
analysis (Fig. 5C and Supplementary Fig. S4). Lapatinib reduced S phase in cells with
higher HER2 phosphorylation, conversely, PP2 was effective in cells with lower HER2
phosphorylation (Fig. 5C and Supplementary Fig. S4). Lapatinib's antitumor activity was
associated with blocking phosphorylation of HER2 and the subsequent inhibition of its
downstream signaling pathways (Fig. 5D and Supplementary Fig. S5). Lapatinib blocked
MAPK and Akt pathways in Sk-Br-3 and BT474 cells, but it exerted no inhihition in MDA-
MB-231 cells (Supplementary Fig. S5), which demonstrated that antiproliferative effects of
lapatinib also correlated with inhibitory ability of growth pathways.
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3.7 Blocking c-Src tyrosine kinase recovered ERα expression and reduced HER2 levels in
ER negative Sk-Br-3 cells

c-Src may drive estrogen-dependent ERα proteolysis in a subset of ER negative breast
cancer (29). c-Src did not play a critical role in mediating growth pathways in Sk-Br-3 cells
(Fig. 4B). To study whether the c-Src inhibitor can regulate ER turn-over in breast cancer
cells with HER2 amplification, we found that PP2 could recover ERα expression in Sk-Br-3
cells (Fig. 6A). Real-time PCR analysis showed that mRNA levels of ERα was increased
after PP2 treatment in Sk-Br-3 cells (Fig. 6B) which implied that c-Src was involved in the
regulation of ERα not only in the protein level but also at the transcription level. We further
demonstrated that PP2 decreased HER2 levels in Sk-Br-3 cells after extending treatment
time (Fig. 6C). This result also implied a complicated feedback loop existed between c-Src
and HER2 in Sk-Br-3 cells. Importantly, Sk-Br-3 cells acquired responses to 4-
hydroxytamoxifen and ICI 182,780 after short-term treatment with PP2 (Fig. 6D and
Supplementary Fig. S6). Therefore, it is plausible that the simultaneous interruption of c-Src
tyrosine kinase and targeting ER might be an effective treatment for breast cancer cells with
HER2 amplification (30).

4. Discussion
We employed a panel of well characterized breast cancer cell lines (MCF-7, T47D,
ZR-75-1, BT474, MDA-MB-231, and Sk-Br-3) and endocrine resistant cell lines
(MCF-7:5C, MCF-7:2A, MCF-7/F, and T47D:C42) to identify biomarkers associated with
the inhibitory actions of a specific c-Src inhibitor, PP2. PP2 effectively blocked c-Src
tyrosine kinase activity in all cell lines tested. However, the antiproliferative effects of PP2
were associated with the inhibition of ERK/MAPK and/or PI3K/Akt growth pathways. ER
positive and HER2 hyperactivation were two important clinically related markers that were
associated with the inability of PP2 to inhibit both wild-type and endocrine resistant breast
cancer cells. Triple-negative breast cancer cells, defined by a lack of expression of estrogen,
progesterone and HER2 receptors, were the most sensitive to the c-Src inhibitor.

The therapeutic mechanisms of the c-Src inhibitor are to block its phosphorylation and
subsequent growth pathways (31). It has been reported that cancer cells which do not
manifest detectable c-Src phosphorylation are resistant to the c-Src inhibitor (32). Generally,
cells with higher c-Src activity were more sensitive to PP2 (Fig. 4B), but not all cells with
elevated c-Src tyrosine kinase activity were able to be effectively inhibited by the c-Src
inhibitor such as ZR-75-1, MCF-7:2A, and Sk-Br-3 cells (Fig. 1B and 4B). Thus, the level
of c-Src phosphorylation is not sufficient to distinguish responsive cells from cells resistant
to the c-Src inhibitor. Growth inhibition also depends on whether c-Src directly mediates
growth pathways in a special type of cell. We consistently found that the levels of MAPK
phosphorylation and/or Akt phosphorylation were reduced by PP2 in responsive cell lines
but not in resistant cell lines (Fig. 1C,3C, and 4C).

The non-receptor tyrosine kinase c-Src acts as a critical molecule in relaying ER signaling,
including nongenomic and genomic actions (4,25). Its activity is modulated by E2 through
multiple mechanisms, leading to breast cancer cell proliferation, invasion, and metastasis
(3,7). Consistently, the growth inhibitory effects by the c-Src inhibitor on ER positive cells
appear to be more complex than on ER negative cells in present work. Most ER negative
breast cancer cells were sensitive to the inhibition by PP2 (Fig. 4B). However, the majority
of ER positive cells were not sensitive to PP2 regardless of whether they were wild-type or
endocrine resistant (Fig. 1B and 3B). Although PP2 had moderate ability to inhibit some ER
positive wild-type cell growth (Fig. 1B), inhibitory effects by it varied under conditions with
or without basal E2 (Fig. 2B). Our results also demonstrated that c-Src mainly mediated E2
responses which included E2-stimualted growth and E2-induced apoptosis in ER positive
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cells (Fig. 2C and 3D). These functions might disturb the therapeutic effects of the c-Src
inhibitor on ER positive cells.

The function of c-Src has been linked to its association with the HER2/Neu epidermal
growth factor receptor family members (33). In this study, increased expression of EGFR
(MDA-MB-231 and MCF-7/F) did not affect the inhibitory effects of PP2, but HER2
overexpression was an indicator for the resistance to PP2 (Fig. 4B). Finn et al (15) also
reported HER2 amplification was a predictive marker for resistance to a c-Src inhibitor,
dasatinib, in breast cancer cells. However, both BT474 and Sk-Br-3 cells overexpress
endogenous HER2, they had differential responses to PP2 (Fig.1B and 4B). Further
investigation demonstrated that status of HER2 activation determined the inhibitory rate of
PP2, the higher HER2 phosphorylation, the lower inhibitory rate of PP2 (Fig. 5B and 5C).
HER2 was highly activated in Sk-Br-3 cells compared with BT474 cells which made it
hypersensitive to the HER2 inhibitor but not the c-Src inhibitor (Fig.5A and 5B). Therefore,
status of HER2 activation may be a better predictive biomarker for resistance to the c-Src
inhibitor than currently available total HER2 determined by immunohistochemistry (IHC) or
fluorescent in situ hybridization (FISH) (16).

The triple negative MDA-MB-231 cells are characterized by a point mutation at codon 13 in
the K-RAS gene (34). This mutation is responsible for the constitutive phosphorylation of
ERK1/2 which leads to a very aggressive cancer phenotype (35). The c-Src inhibitor, PP2,
effectively suppressed growth pathways in MDA-MB-231cells, which demonstrated that
triple negative breast cancer cells depend on c-Src to proliferate (Fig. 4B). Two independent
studies support our observation by showing that the majority of dasatinib sensitive breast
cancer cell lines were “basal” type or “triple-negative” (14,15). The hyper-sensitivity to the
c-Src inhibitors provides a good therapeutic option for the clinical triple negative breast
cancer (TNBC) patient. However, the TNBC is actually a highly diverse group of cancer
(36), so that the determining of ER, PR and HER2 is not a precise classification to subtype
this aggressive disease. Recent Phase II clinical trial shows that single-agent dasatinib has
limited activity in unselected patients with TNBC (17), which suggests that a strategy of
better patient selection with gene signatures is required to further evaluate the potential of
the c-Src inhibitors in TNBC patient (36).

In summary, this study demonstrated a complex association exists among ER, HER2, and c-
Src in different breast cancer cell lines. Moreover, our results underscored that ER
expression and HER2 overexpression (especially over-activation) might be causes of
resistance to a c-Src inhibitor in breast cancer. Our findings may be of value for future
clinical investigation to determine the therapeutic efficacy of c-Src inhibitors in ER negative
breast cancer with or without HER2 over-activation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Effects of the c-Src inhibitor on ER positive wild-type cell lines
1A. Blocking c-Src phosphorylation in ER positive wild-type cell lines by PP2. ER positive
wild-type cells were treated with PP2 (5μM) in estrogenized medium at time points as
indicated and cell lysates were harvested. Phosphorylated c-Src was detected by
immunoblotting with primary antibody. Immunoblotting for total c-Src was used for loading
control. 1B. Inhibitory effects of PP2 on wild-type ER positive cells. Wild-type ER positive
cells were seeded in 24-well plates in triplicate in estrogenized medium. After one day, the
cells were treated with vehicle (0.1%DMSO) and PP2 (5μM) respectively. The cells were
harvested after 7 days treatment and total DNA was determined using a DNA fluorescence
quantitation kit. 1C. Signaling pathways changes in ER positive wild-type cells after PP2
treatment. Cell lysates were harvested as above. Phosphorylated MAPK and Akt were
examined by immunoblotting with primary antibodies. Immunoblotting for total MAPK and
Akt were used for loading controls.
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Figure 2. Effects of the c-Src inhibitor on ER positive wild-type cell lines under conditions with
or without basal E2
2A. c-Src phosphorylation changed after short-term absence of E2 in ER positive wild-type
cells. Wild-type ER positive cells were cultured under conditions with basal estrogen (10%
FBS) or without basal estrogen (10% SFS) for 3 days, respectively. Cell lysates were
harvested. Phosphorylated c-Src was examined by immunoblotting with primary antibody.
Immunoblotting for total c-Src was determined as loading control. 2B. Growth inhibitory
effects of PP2 on ER positive wild-type cells under conditions with or without basal E2.
Wild-type ER positive cells were cultured under conditions with basal estrogen (10%FBS)
or without basal estrogen (10% SFS) for 3 days, respectively. Then, they were seeded in 24-
well plates in triplicate. After one day, the cells were treated with vehicle (0.1%DMSO) and
PP2 (5μM) in estrogenized medium (10%FBS) or E2 free medium (10%SFS), respectively.
The cells were harvested after 7 days treatment and total DNA was determined as above. 2C.
The PP2 had different effects on E2 stimulation in ER positive wild-type cells. Wild-type
ER positive cells were changed to E2 free medium for 3 days. Then, they were seeded in 24-
well plates. After one day, the cells were treated with vehicle (0.1% EtOH), E2 (10−9 mol/
L), PP2 (5μM), and E2 (10−9 mol/L) plus PP2 (5μM) respectively in E2 free culture
medium. The cells were harvested after 7 days treatment and total DNA was determined as
above.
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Figure 3. Effects of the c-Src inhibitor on ER positive endocrine resistant cell lines
3A. Blocking c-Src phosphorylation in endocrine resistant ER positive cells. MCF-7:5C and
MCF-7:2A cells were treated with PP2 (5μM) at time points as indicated and cell lysates
were harvested. Phosphorylated c-Src was detected by immunoblotting with primary
antibody. Immunoblotting for total c-Src was used for loading control. 3B. Growth
inhibitory effects of PP2 on endocrine resistant ER positive cells. MCF-7:5C and MCF-7:2A
cells were seeded in 24-well plates in triplicate. After one day, the cells were treated with
vehicle (0.1% DMSO) and PP2 (5μM) respectively in culture medium. The cells were
harvested after 7 days treatment and total DNA was determined as above. 3C. Signaling
pathways changes in endocrine resistant ER positive cells after PP2 treatment. Cell lysates
were harvested as above. Phosphorylated MAPK and Akt were examined by
immunoblotting with primary antibodies. Immunoblotting for total MAPK and Akt were
used for loading controls. 3D. The PP2 blocked E2-induced inhibition in MCF-7:5C and
MCF-7:2A cells. MCF-7:5C cells were seeded in 24-well plates as above. After one day, the
cells were treated with vehicle (0.1% EtOH), E2 (10−9mol/L), PP2 (5μM), and E2 (10−9mol/
L) plus PP2 (5μM) respectively. The cells were harvested after 7 days treatment and total
DNA was determined as above. MCF-7:2A cells were seeded in 6-well plates. After one
day, the cells were similarly treated as in MCF-7:5C cells. The cells were harvested after 14
days treatment and total DNA was determined as above.
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Figure 4. Effects of the c-Src inhibitor on ER negative cell lines
4A. Blocking c-Src phosphorylation in ER negative cell lines by PP2. ER negative cells
were treated with PP2 (5μM) for different times as indicated and cell lysates were harvested.
Phosphorylated c-Src was detected by immunoblotting with primary antibody.
Immunoblotting for total c-Src was used for loading control. 4B. Inhibitory effects of PP2
on ER negative cells. ER negative cells were seeded in 24-well plates in triplicate. After one
day, the cells were treated with vehicle (0.1%DMSO) and PP2 (5μM) in 10% SFS medium.
The cells were harvested after 7 days treatment and total DNA was determined as above. 4C.
Signaling pathways were changed in ER negative cells after PP2 treatment. ER negative
cells were treated with PP2 (5μM) for different times as indicated and cell lysates were
harvested. Phosphorylated MAPK and Akt were examined by immunoblotting with primary
antibodies. Immunoblotting for total MAPK and Akt were determined for loading controls.
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Figure 5. Activation status of HER2 determined the inhibitory effects of the c-Src inhibitor
5A. Baseline HER2 phosphorylation in different cell lines. Cell lysates were harvested from
different cells. Phosphorylated HER2 and total HER2 were examined by immunoblotting
with primary antibodies. Immunoblotting for β-actin was determined for loading control.
5B. Inhibitory effects of the HER2 inhibitor and the c-Src inhibitor on cells with elevated
HER2 phosphorylation. Sk-Br-3, BT474, T47D:C42, and MDA-MB-231 cells were seeded
in 24-well plates in triplicate. After one day, the cells were treated with vehicle
(0.1%DMSO), lapatinib (1μM), and PP2 (5μM) in 10% SFS medium. The cells were
harvested after 7 days treatment and total DNA was determined as above. 5C. S phase
changes after lapatinib and PP2 treatment. Sk-Br-3 and MDA-MB-231 cells were treated
with vehicle (0.1% DMSO), lapatinib (1μM), and PP2 (5μM) for 24h. Cells were harvested
and fixed with 75% EtOH. Cell cycles were analyzed through flow cytometery. 5D.
Blocking HER2 phosphorylation after lapatinib treatment. Sk-Br-3 and BT474 cells were
treated with vehicle (0.1%DMSO) and lapatinib (1μM) for 24h. HER2 phosphorylation was
examined by immunoblotting with primary antibody. Immunoblotting for total HER2 was
determined for loading control.
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Figure 6. Blocking c-Src sensitized cell to antiestrogen in Sk-Br-3 cells
6A. ERα expression was elevated in Sk-Br-3 cells after PP2 treatment. Sk-Br-3 cells were
treated with PP2 as indicated. ERα expression was examined by immunoblotting with
primary antibody. Immunoblotting for β-actin was determined for loading control. 6B. ERα
mRNA was increased in Sk-Br-3 cells after PP2 treatment. Sk-Br-3 cells were treated with
PP2 (5μM) for the times as indicated. The RNA was harvested in TRIzol for real-time PCR
analysis. P<0.05, * compared with control. 6C. HER2 expression was downregualted in Sk-
Br-3 cells after PP2 treatment. Sk-Br-3 cells were treated with PP2 for the times as
indicated. HER2 was examined by immunoblotting with primary antibody. Immunoblotting
for β-actin was determined for loading control. 6D. The PP2 sensitized Sk-Br-3 cells to 4-
hydroxytamoxifen. Sk-Br-3 cells were treated with vehicle, 4-OHT (1μΜ), PP2 (5μM), and
4-OHT (1μΜ) plus PP2 (5μM) in 10% FBS medium. The cells were harvested after 7 days
treatment and total DNA was determined as above. P<0.05, * compared with control.
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