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Sorafenib and nilotinib resensitize tamoxifen resistant breast
cancer cells to tamoxifen treatment via estrogen receptor o
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Abstract. Tamoxifen-resistant breast cancer is a major clinical
problem and new treatment strategies are highly warranted. In
this study, the multitargeting kinase inhibitors sorafenib and
nilotinib were investigated as potential new treatment options
for tamoxifen-resistant breast cancer. The two compounds
inhibited cell growth, reduced expression of total estrogen
receptor o (ER), Ser118-phosphorylated ER, FOXA1 and AIB1
and resensitized tamoxifen-resistant cells to tamoxifen. The
ER downmodulator fulvestrant exerted strong growth inhibi-
tion of tamoxifen-resistant cells and addition of sorafenib
and nilotinib could not further suppress growth, showing that
sorafenib and nilotinib exerted growth inhibition via ER. In
support of this, estradiol prevented sorafenib and nilotinib
mediated growth inhibition. These results demonstrate
that sorafenib and nilotinib act via ER and ER-associated
proteins, indicating that these kinase inhibitors in combina-
tion with tamoxifen may be potential new treatments for
tamoxifen-resistant breast cancer.

Introduction

Breast cancer is the most common cancer in women in the
western world with the majority of tumors being classified
as estrogen receptor o (ER) positive. Tamoxifen treatment is
the standard first-line therapy for premenopausal women with
ER positive breast cancer; however, resistance to treatment
is a major clinical problem, and about one third of patients
receiving adjuvant treatment and almost all patients with
advanced disease develop resistance (1). The mechanisms
behind tamoxifen resistance are poorly understood. Tamoxifen
is a selective ER modulator that can exert both antagonistic
and agonistic effects. In estrogen responsive breast cancer
cells, binding of tamoxifen to ER antagonizes the growth
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stimulation from estrogen (2). We have previously shown
that tamoxifen-resistant cell lines rely on ER for growth and
that tamoxifen acts as an agonist (3). ER co-regulators play
important roles for determining whether tamoxifen functions
as an antagonist or agonist (4). Activated ER is associated
to the chromatin through actions of pioneer factors, e.g., the
forkhead protein FOXA1, which ensures the opening of the
chromatin allowing binding of other proteins to the DNA (5).
When estrogen binds to ER, the AF2 domain of the receptor
is activated, leading to binding of co-activators and initia-
tion of transcription. One such co-activator is amplified in
breast cancer 1 (AIB1), which is a member of the p160 steroid
receptor co-activator family (6). AIB1 has been shown to be
phosphorylated by mitogen activated protein kinase (MAPK),
thereby enhancing its transactivation potential (7). Other
co-activators can bind to the AF1 domain of ER, mediated by
ligand-independent activation of the receptor (8).

Ligand-independent activation of ER can occur through
phosphorylation by receptor tyrosine kinase (RTK) path-
ways (9,10). RTKs are high affinity transmembrane receptors
for many growth factors, hormones and cytokines. Activation
of RTKs leads to the activation of different signaling pathways,
including the MAPK and phosphoinositide-3-kinase (PI3K)
pathways, which play important roles in cell growth (11).
Therefore, treatment with kinase inhibitors may be a way to
target tumor growth and prevent the ligand-independent acti-
vation of ER. Sorafenib is an inhibitor of vascular endothelial
growth factor receptor (VEGFR), platelet derived growth factor
receptor (PDGFR), rearranged during transformation (RET)
and Raf (12), where especially the kinase RET has been asso-
ciated with tamoxifen resistance (13). Sorafenib is approved
for treatment of advanced kidney and liver cancer (14,15) and
is currently in clinical trials for treatment of advanced breast
cancer (16,17). Studies in mice have shown that treatment with
sorafenib inhibits breast tumor growth and angiogenesis (18).
Nilotinib is an inhibitor of PDGFR, c-Kit and the fusion
protein Ber/Abl, and was designed as a high affinity molecule
against Bcr/Abl to treat chronic myeloid leukemia (CML)
after resistance to imatinib (19,20). Nilotinib is now used as
front line treatment for newly diagnosed CML patients (21).
Preclinical studies show that nilotinib has a growth inhibitory
effect on long-term estrogen deprived (LTED) MCF-7 breast
cancer cells via ER (22).

In this study, we tested sorafenib and nilotinib as poten-
tial new treatments for tamoxifen-resistant breast cancer. We
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show that the compounds preferentially inhibit the growth of
tamoxifen-resistant cells compared with parental MCF-7 cells
and resensitize the resistant cells to tamoxifen. We also show
that sorafenib and nilotinib downregulate total and phosphory-
lated ER as well as FOXA1 and AIBI1, and that sorafenib and
nilotinib have no effect in presence of estradiol supporting a
mechanism of action via ER.

Materials and methods

Cell lines and culture conditions. The MCF-7 cell line was
originally obtained from the Human Cell Culture Bank (Mason
Research Institute, Rockville, MD, USA) and adapted to grow
in medium with low estrogen (MCF-7/S0.5; hereafter called
MCEF-7) (23). The tamoxifen resistant cell lines; MCF-7/TAMR-1,
MCF-7/TAMR-4, MCF-7/TAMR-7 and MCF-7/TAMR®-8
(hereafter called TAMR-1, TAMR-4, TAMR-7, and TAMR-8,
respectively) were established from the MCF-7 cell line as previ-
ously described (3,24). All cell lines were maintained at 37°C
in humidified air with 5% CO, in phenol-red-free DMEM/F12
medium (Invitrogen, Carlsbad, CA, USA) containing 1% FBS
(Invitrogen), 2.5 mM L-glutamax (Invitrogen) and 6 ng/ml
insulin (Sigma-Aldrich, St. Louis, MO, USA). Growth medium
for tamoxifen-resistant cell lines was supplemented with 1 M
tamoxifen (Sigma-Aldrich). The MCF-7 cell line used in this
study was authenticated in January, 2014 by DNA profiling using
short tandem repeat loci performed by Leibniz-Institut DSMZ
(Braunschweig, Germany) and found to be matching the genetic
profile reported for the MCF-7 cell line (DSMZ ACC 115).

Growth experiments. For tamoxifen dose-response experi-
ments, and the experiments where cells were grown without
tamoxifen, tamoxifen was withdrawn from the growth medium
of resistant cells one week prior to treatment. For dose-response
experiments with inhibitors, cells were grown in standard
growth medium, i.e., containing 1 ¥M tamoxifen for resistant
cell lines. Cells were seeded two days prior to treatment with
the indicated concentrations of tamoxifen (Sigma-Aldrich),
4-OH tamoxifen (Sigma-Aldrich), fulvestrant (ICI182,780;
Tocris Bioscience, Bristol, UK), estradiol (Sigma-Aldrich),
sorafenib (Selleck, Houston, TX, USA) or nilotinib (Selleck).
Control cells received similar amount of vehicle as the treated
cultures; i.e., 0.1% ethanol or 0.1% DMSO. Treatment medium
was renewed after three days and cell number was deter-
mined after 5 days of treatment using a crystal violet stain
colorimetric assay as previously described (25). All growth
experiments were performed with triplicate samples or more
and repeated at least twice with similar results.

Western blot analysis. MCF-7, TAMR-1 and TAMR®-4 cells
were seeded in their standard medium and treated for
1-72 h with the indicated compounds. Cells were harvested
in RIPA buffer and western blot analysis was performed as
previously described (26). Immunostaining was performed
overnight with primary antibodies directed against the
following proteins: Akt (9272), phospho-Ser473-Akt
(9271), phospho-Serl18-ERa (2511), ERK1/2 (9102) and
phospho-Thr202/Tyr204-ERK1/2 (4377) from Cell Signaling
Technology (Danvers, MA, USA); ERa (RM-9101), Hsp70
(MS-482-PO) from Neomarkers (Fremont, CA, USA);
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P-actin (A5441) from Sigma-Aldrich; PARP (511024) and
AIBI1 (611105) from BD Biosciences (San Jose, CA, USA)
and FOXAT1 (23738) from Abcam (Cambridge, MA, USA).
Western blot analyses were done on at least two independent
sets of lysates with similar results.

LDH assay. MCF-7 and TAMR-4 cells were seeded in 96-well
plates and treated with the indicated concentrations of
sorafenib or nilotinib. To investigate inhibition of cell death,
cells were treated with 5 M z-Val-Ala-dl-Asp-fluoromethyl-
ketone (zVAD-fmk) (Bachem, Torrance, CA, USA) or 85 uM
z-Phe-Ala-fluoromethylketone (zFA-fmk) (Calbiochem,
Darmstadt, Germany). Cytotoxicity was measured using
lactate dehydrogenase (LDH) cytotoxicity assay (Roche, Basel,
Switzerland) according to the manufacturer's instructions. All
experiments were repeated at least twice with similar results.

Statistical analysis. Statistical analyses were performed on
results from cell growth assays and LDH assays in order to
determine significant differences between groups. Data from
the representative experiments are shown and expressed as
mean + SD as a percentage of controls or as cytotoxicity
values + SD. Group comparisons were done using a two-tailed
t-test with Bonferroni adjusted p-values for multiple testing. The
level of statistical significance was set to p<0.05 and indicated
by asterisks in the figures.

Results

Treatment with sorafenib or nilotinib preferentially inhibits the
growth of the tamoxifen-resistant cell lines comparedwith MCF-7.
The effect of sorafenib and nilotinib on tamoxifen-resistant cell
growth was explored using four different tamoxifen-resistant
breast cancer cell lines, derived by long-term treatment of MCF-7
cells with tamoxifen. Both the parental MCF-7 cell line and the
four tamoxifen-resistant cell lines were growth inhibited in a
dose-dependent manner by treatment for 5 days with sorafenib
or nilotinib (Fig. 1). The tamoxifen-resistant cell lines TAMR-4,
TAMR-7 and TAMR-8 were significantly more growth inhibited
by treatment with 0.25, 0.5, 0.75 and 1 uM sorafenib when
compared with MCF-7 cells (Fig. 1A). Cell growth of TAMR-1
cells was significantly more reduced using 0.5 and 0.75 ygM
sorafenib compared with MCF-7 cells (Fig. 1A). Preferential
growth inhibition was achieved with 0.25 and 0.5 M nilotinib
in TAMR-1, TAMR-7 and TAMR-8, and with 1 uM nilotinib, the
growth of all four tamoxifen-resistant cell lines was significantly
more inhibited compared with MCF-7 (Fig. 1B).

Treatment with sorafenib or nilotinib renders the resistant cells
sensitive to tamoxifen inhibition. Next, we investigated whether
sorafenib and nilotinib rendered the tamoxifen-resistant cell
lines sensitive to tamoxifen treatment. Growth assays showed
that the tamoxifen-sensitive, parental MCF-7 cells, grown
without sorafenib or nilotinib, were growth inhibited in a dose-
dependent manner by 5 days of treatment with 4-OH-tamoxifen
(Fig. 2A). Adding 0.5 uM sorafenib or nilotinib had only modest
effect on the 4-OH-tamoxifen response in MCF-7 cells (Fig. 2A).
As expected, TAMR-1 and TAMR-4 cells, grown without
sorafenib or nilotinib, were resistant to 4-OH-tamoxifen treat-
ment and a small agonistic effect was observed (Fig. 2B and C),
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Figure 1. Effect of sorafenib and nilotinib on cell growth. The parental cell
line MCF-7 and the four resistant cell lines TAMR-1, TAMR-4, TAMR-7 and
TAMR-8 were seeded in their standard growth medium and treated with
increasing concentrations of (A) sorafenib or (B) nilotinib. Cell number was
determined by a crystal violet staining method. The results are expressed
relative to the control (0.1% DMSO treated). Error bars represent standard
deviation (SD) of the mean of at least three replicate values. Asterisks (¥) indi-
cate significant difference from MCF-7 cells (p<0.05).

in agreement with previous findings (3). However, when grown
in the presence of 0.5 uM sorafenib or nilotinib, which resulted
in about 20% growth inhibition, addition of 4-OH-tamoxifen
exerted a further dose-dependent growth inhibition (Fig. 2B
and C). The combined treatment inhibited growth of the resis-
tant cell lines to almost the same level as tamoxifen treated
MCEF-7 cells, demonstrating that sorafenib and nilotinib resensi-
tize the resistant cell lines to tamoxifen treatment. Furthermore,
TAMR-4 cells could not be propagated continuously in presence
of 1 uM tamoxifen plus 0.5 M sorafenib or nilotinib (data not
shown), suggesting that the combined treatment effectively
prevents resistant cell growth.

Sorafenib and nilotinib induce ERK/Akt phosphorylation and
downregulate total and S118-phosphorylated ER. The effect
of sorafenib and nilotinib treatment on downstream signaling
was analyzed in MCF-7 and the two tamoxifen-resistant cell
lines TAMR-1 and TAMR-4 (Fig. 3). The cells were short-term
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(1-1.5 h) and long-term (24 h) treated with 1 M sorafenib or
1 uM nilotinib. Since sorafenib and nilotinib are inhibitors
of several RTKs, a decreased activity of MAPK and PI3K
pathways would be expected. However, both in MCF-7 and
tamoxifen-resistant cell lines, phosphorylation of ERK and
Akt was increased upon treatment with sorafenib and nilotinib
(Fig. 3A and B). The increase of phosphorylated ERK was
observed after only 15 min using concentrations of sorafenib
down to 0.25 M in TAMR-4 cells (Fig. 3C) and a decline in
the level of phosphorylated ERK was seen in most experiments
after 24 h. Furthermore, in our cell model, we were unable to
detect any decrease in phosphorylation of the primary targets
RET and PDGFR (data not shown), indicating that sorafenib
and nilotinib may act through other targets. We have previ-
ously shown that the tamoxifen-resistant cell lines rely on ER
for growth (3). ER has several phosphorylation sites, the most
well studied being serine 118 (S118) which is an ERK phos-
phorylation site (27) associated with tamoxifen resistance (28).
Interestingly, the levels of both S118-phosphorylated and total
ER were decreased upon treatment with sorafenib or nilotinib
in the resistant cell lines but not in MCF-7 cells (Fig. 3A
and B). Treatment with nilotinib caused a lower level of phos-
phorylated ER already after 1 h of treatment. After 24 h of
treatment with sorafenib or nilotinib, ER was clearly reduced
in both tamoxifen-resistant cell lines, indicating that sorafenib
and nilotinib may act through similar mechanisms, involving
reduction of phosphorylated ER and of total ER protein.

Sorafenib and nilotinib downregulate ER independent of
tamoxifen. The observed resensitization of the resistant cell
lines to tamoxifen (Fig. 2) and the decreased level of ER seen
upon treatment with sorafenib and nilotinib (Fig. 3) could
indicate that ER plays a role for the effect of the two kinase
inhibitors in tamoxifen-resistant cells. We and others have
previously shown that treatment with tamoxifen causes an
increase in the level of phosphorylated ER, presumably due to a
ligand-dependent mechanism caused by tamoxifen (3,29). This
tamoxifen-induced increase in S118-phosphorylated ER is seen
in Fig. 4A and B, where stabilization of the ER protein, medi-
ated by tamoxifen (30), is also evident. In this experiment, 6 h of
treatment with the kinase inhibitors was included to investigate
an intermediate time point between 1 and 24 h. In presence
of tamoxifen, sorafenib and nilotinib caused a decrease in
S118-phosphorylation of ER after both 6 and 24 h of treatment
(Fig. 4A and B), similar to the results shown in Fig. 3 after 24 h
of treatment. The level of total ER protein was reduced upon
6 and 24 h of treatment with sorafenib or nilotinib, both in the
presence and absence of tamoxifen (Fig. 4A and B), indicating
that the sorafenib- and nilotinib-induced ER downregulation
occurs independently of tamoxifen. To further investigate the
effect of the kinase inhibitors on ER and ER co-regulators,
TAMR-4 cells were treated for 24 h with increasing concen-
trations of sorafenib or 1 M sorafenib with and without
tamoxifen. A reduction in ER protein was observed with 0.5
and 1 M sorafenib (Fig. 4C). The levels of ER pioneer factor
FOXAT1 and the co-activator AIB1 were also decreased upon
treatment with 1 #M sorafenib, though the decrease in AIB1
protein level was less than for ER and FOXA1. In TAMR-4
cells treated with 1 uM sorafenib with or without tamoxifen,
FOXA1 was decreased by sorafenib in a tamoxifen indepen-
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Figure 2. Effects of combined treatment with tamoxifen and sorafenib or nilotinib on cell growth. One week before seeding, tamoxifen was withdrawn from the
medium of the resistant cell lines. (A) MCF-7, (B) TAMR-1 and (C) TAMR-4 cells were treated with increasing concentrations of 4-OH-tamoxifen with or without
0.5 uM sorafenib or 0.5 #M nilotinib. Cell number was determined by a crystal violet staining method. The results are expressed relative to the control (0.1% EtOH
treated). Error bars represent SD of the mean of at least three replicate values. Asterisks (+) indicate significant growth inhibition compared with cells grown

without tamoxifen (p<0.05).

dent manner (Fig. 4C). Concerning AIBI, it seemed that the
decrease in AIBI protein after sorafenib treatment was more
pronounced in the presence than in the absence of tamoxifen
(Fig. 4C). A substantial decrease in the level of FOXA1 and a
minor reduction in AIB1 were also observed in TAMR-4 cells
upon 24 h of treatment with 0.5 and 1 #M nilotinib (Fig. 4D).

ER is required for the growth inhibiting effect of sorafenib and
nilotinib. To further study the importance of ER for inhibition
of tamoxifen-resistant cell growth by sorafenib and nilotinib,
TAMR-4 cells were treated with fulvestrant or estradiol (E2)
in combination with the kinase inhibitors (Fig. 5). Fulvestrant
binds competitively to ER resulting in degradation of the
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Figure 3. Effect of sorafenib and nilotinib on ERK, Akt and ER expression and
phosphorylation. MCF-7, TAMR-1 and TAM®-4 cells were grown in their stan-
dard growth medium. DMSO (0.1%) was used as control. Heat shock protein 70
(Hsp70) and B-actin were used as loading controls. (A) The cells were treated
for 1.5 or 24 h with 1 uM sorafenib before harvest for western blot analysis.
(B) The cells were treated for 1 or 24 h with 1 M nilotinib before harvest.
(C) TAMR-4 cells were treated for 15 or 30 min with increasing concentration
of sorafenib as indicated before harvest for western blot analysis. The selective
MEK inhibitor U0126 was used at 5 uM concentration for 15 min.

receptor (31). As previously demonstrated (24), fulvestrant
inhibited growth of the tamoxifen-resistant cell line TAMR-4
(Fig. 5A and B). Addition of 0.25 uM sorafenib (Fig. 5A)
or nilotinib (Fig. 5B) to fulvestrant did not result in further
growth inhibition, whereas 0.5 yM sorafenib or nilotinib in
combination with fulvestrant exerted significantly more growth
inhibition than fulvestrant alone. Noteworthy, in combination
with estradiol neither 0.25 M sorafenib nor 0.25 M nilotinib
affected cell growth (Fig. 5C). Together, these results demon-
strate that at low concentrations the growth inhibiting effect
of the two kinase inhibitors involves ER. At higher kinase
inhibitor concentrations, ER-independent mechanisms may
also be involved in the growth inhibitory effect.

High concentrations of sorafenib induce caspase and
cathepsin-mediated cell death. To investigate if the observed
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ER-independent growth inhibition at higher drug concen-
trations could be due to cell death, an LDH assay was
performed on MCF-7 and TAMR-4 after treatment with 1 or
2 uM sorafenib for 72 h. Both cell lines showed increased
cell death with increasing sorafenib concentrations and
the cell death was significantly higher in TAMR-4 when
compared to MCF-7 cells (Fig. 6A). The broad-range caspase
inhibitor z-Val-Ala-dl-Asp-fluoromethylketone (zZVAD-fmk)
was used to investigate if the sorafenib-induced cell death
was due to caspase-mediated apoptosis and the cathepsin
inhibitor z-Phe-Ala-fluoromethylketone (zFA-fmk) was used
to investigate if the sorafenib-induced cell death was medi-
ated through cathepsins, indicative of cell death by lysosomal
membrane permeabilization (32). MCF-7 and TAMR-4 cells
were treated with 1 or 2 yM sorafenib in combination with
zVAD-fmk or zFA-fmk. Cell death was induced by 2 uM
sorafenib in MCF-7 and could not be significantly prevented
by the two inhibitors (Fig. 6B). For TAMR-4 cells, cell
death was induced at 1 yM. However, the cell death could
not be inhibited until cytotoxicity was reached with 2 yM
sorafenib. At this point the cell death of TAMR-4 cells could
be inhibited by both the caspase inhibitor ZVAD-fmk and the
cathepsin inhibitor zFA-fmk (Fig. 6B). Furthermore, western
blot analyses revealed PARP cleavage in TAMR-4 cells after
treatment with 2 yM sorafenib for 72 h, confirming induction
of apoptotic cell death (Fig. 6C).

Discussion

Resistance to endocrine therapy is a major clinical problem
in the treatment of ER-positive breast cancer. Therefore,
identification of drugs that target tamoxifen-resistant cells is
important in order to find new treatment options. RTKs play
important roles in the activation of pathways involved in cell
proliferation, cell survival and ligand-independent activation
of ER and may be important for circumventing the growth
inhibitory effect of tamoxifen. Therefore, inhibitors of RTKs
may have potential as treatment for tamoxifen-resistant breast
cancer. Sorafenib and nilotinib are both multitargeting RTK
inhibitors targeting a broad range of kinases important for
cellular functions. We show here that both sorafenib and nilo-
tinib preferentially inhibit the growth of tamoxifen-resistant
cell lines compared with their parental tamoxifen-sensitive
cell line MCF-7. Furthermore, the two inhibitors render the
resistant cell lines sensitive to tamoxifen inhibition. As shown
previously (3,33,34), and also here, tamoxifen can stimu-
late growth of tamoxifen-resistant cells presumably by an
agonistic effect on ER. Together these results indicate that in
tamoxifen-resistant cells, sorafenib and nilotinib may switch
the effect of tamoxifen from being agonistic to antagonistic,
resulting in growth inhibition by tamoxifen. These results
also suggest that sorafenib or nilotinib should be administered
together with tamoxifen as a potential combined treatment of
tamoxifen-resistant breast cancer.

Sorafenib and nilotinib are inhibitors of kinases that
may signal through the MAPK or PI3K pathways. However,
we did not observe inhibition but rather activation of these
pathways, indicating that sorafenib and nilotinib have other
mechanisms of action. Our findings that treatment with the
two inhibitors lowered both the total and the phosphorylated
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as indicated before western blot analysis. 3-actin was used as loading control.

level of ER and that estradiol completely abrogated the
growth inhibitory effect of sorafenib and nilotinib demon-
strated that the kinase inhibitors function by targeting ER
activity in tamoxifen-resistant cells. Tamoxifen induces
S118 phosphorylation of ER, which could contribute to the
agonistic effect of tamoxifen in the resistant cells (3,35). The
observed lowered levels of S118-phosphorylated ER upon
treatment with sorafenib or nilotinib may therefore cause
growth inhibition. The tamoxifen-resistant cell lines are
highly dependent on ER for growth as the ER downmodulator
fulvestrant exerted severe growth inhibition of the resistant
cells. Thus, the observed decrease in ER would cause growth
inhibition of the tamoxifen-resistant cells. In support of our
data, Weigel er al have also observed a decrease in the level
of total ER and growth inhibition upon treatment of LTED
cells with nilotinib (22).

We found that downregulation of ER by sorafenib and
nilotinib is independent of tamoxifen, suggesting that the
resensitization to tamoxifen by the inhibitors involves mecha-
nisms, such as changes in ER co-regulators, causing a switch
from agonistic to antagonistic effect of tamoxifen. Notably,
we show here a decrease in the level of the two ER co-regu-
lators AIB1 and FOXA1 upon treatment with sorafenib and
nilotinib. The co-activator AIBI is, like ER, phosphorylated
by MAPKSs (7) and therefore high levels of activated AIB1
could reduce the antagonistic effects of tamoxifen and cause
tamoxifen resistance. In support of this, high levels of AIBI in
tumors from tamoxifen treated patients were associated with
poor disease-free survival (36). Additionally, knockdown of
AIBI in the tamoxifen-resistant breast cancer cell line BT474
restored its sensitivity to tamoxifen (37). Studies have also
shown that high levels of AIB1 enhance the agonistic proper-
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Figure 5. Effect of sorafenib and nilotinib in combination with fulvestrant
or estradiol. Tamoxifen was withdrawn from TAMR-4 cells one week
prior to seeding. (A) The cells were treated for 5 days with 0.1% DMSO,
107 M fulvestrant (fulv) or sorafenib (0.25 yM and 0.5 yM) with and
without 107 M fulvestrant. (B) The cells were treated for 5 days with
0.1% DMSO, 107 M fulvestrant or nilotinib (0.25 yM and 0.5 uM) with
and without 107 M fulvestrant. Results are expressed relative to control
(0.1% DMSO) + SD. Astericks (¥) indicate significant difference to DMSO
or fulvestrant treated cells (p<0.05). (C) The cells were treated for 5 days
with 0.1% DMSO, 10 M estradiol (E2),0.25 uM sorafenib or 0.25 uM nilo-
tinib with and without 10° M E2. Results are expressed relative to control
(0.1% DMSO) = SD.
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Figure 6. Effect of high concentrations of sorafenib on cell death. (A) MCF-7
and TAMR-4 cells were treated for 72 h with increasing concentrations of
sorafenib as indicated. Results from LDH assays are shown as calculated cyto-
toxicity + SD. Astericks (*) indicate significant difference to sorafenib treated
MCEF-7 cells (p<0.05). (B) MCF-7 and TAMR-4 were treated with indicated
concentrations of sorafenib alone or in combination with the caspase inhibitor
zZVAD-fmk (5 uM) or the cathepsin inhibitor zFA-fmk (85 uM). Results are
shown as the calculated cytotoxicity + SD. Astericks (¥) indicate statistical sig-
nificant difference to cells treated with sorafenib alone (p<0.05). (C) Western
blot analysis with samples from MCF-7 and TAMR-4 cells treated for 72 h with
increasing concentrations of sorafenib as indicated.

ties of tamoxifen (38,39). Thus, the reduced level of AIBI1 in
sorafenib or nilotinib treated tamoxifen-resistant cells could
cause a shift of tamoxifen from agonist to antagonist. FOXA1
is required for both the agonistic and antagonistic function
of tamoxifen bound ER. Studies on a tamoxifen-resistant
MCF-7-based cell line showed that silencing of FOXA1
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suppressed ligand-independent ER binding to chromatin,
inhibiting cell growth (5). This demonstrates that FOXA1
is essential for ligand-independent growth of tamoxifen
resistant cells. The decrease in FOXA1 protein induced by
sorafenib and nilotinib may therefore reduce cell growth by
inhibiting ligand-independent ER activity.

We observed that the concentration of sorafenib and nilo-
tinib used to treat the tamoxifen-resistant cell lines was crucial
for the mechanism of action of the inhibitors. At low concen-
tration (0.25 uM), only ER-dependent mechanisms were
observed, while at higher concentrations (>0.5 M), a combi-
nation of both ER dependent and independent mechanisms,
e.g., cytotoxic effects, were present. This is in agreement with
other studies showing that sorafenib and nilotinib induce cell
death at concentrations >1 uM (40-42).

In conclusion, we have shown that sorafenib and nilotinib in
combination with tamoxifen inhibit growth of tamoxifen-resis-
tant breast cancer cells. The mechanisms of action are complex
and both reduced total ER and phosphorylated ER, reduced
ligand-independent ER activation due to lowered FOXA1
level, and a switch in the effect of tamoxifen from agonistic to
antagonistic via reduced AIBI1 appears to contribute to growth
inhibition. Collectively, this suggests that sorafenib or nilotinib
together with tamoxifen have potential as a combined treatment
of tamoxifen-resistant breast cancer patients.
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