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Abstract

Epidermal growth factor receptor (EGFR) is overexpressed in many cancer types including ∼30%

of breast cancers. Several small molecule tyrosine kinase inhibitors (TKIs) targeting EGFR have

shown clinical efficacy in lung and colon cancers, but no benefit has been noted in breast cancer.

Thirteen EGFR expressing breast cancer cell lines were analyzed for response to EGFR TKIs.

Seven were found to be EGFR TKI resistant; while shRNA knockdown of EGFR determined that

four of these cell lines retained the requirement of EGFR protein expression for growth.

Interestingly, EGFR localized to plasma membrane lipid rafts in all four of these EGFR TKI

resistant cell lines, as determined by biochemical raft isolation and immunofluorescence. When

lipid rafts were depleted of cholesterol using lovastatin, all four cell lines were sensitized to EGFR

TKIs. In fact, the effects of the cholesterol biosynthesis inhibitors and gefitinib were synergistic.

While gefitinib effectively abrogated phosphorylation of Akt and MAPK in an EGFR TKI

sensitive cell line, phosphorylation of Akt persisted in two EGFR TKI resistant cell lines;

however, this phosphorylation was abrogated by lovastatin treatment. Thus, we have shown that

lipid raft localization of EGFR correlates with resistance to EGFR TKI-induced growth inhibition

and pharmacological depletion of cholesterol from lipid rafts decreases this resistance in breast

cancer cell lines. Furthermore, we have presented evidence to suggest that when EGFR localizes

to lipid rafts, these rafts provide a platform to facilitate activation of Akt signaling in the absence

of EGFR kinase activity.
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Introduction

Epidermal growth factor receptor (EGFR) is a receptor tyrosine kinase whose function has

been implicated in many biological processes. When activated, EGFR stimulates signaling

pathways involved in cell growth, survival, and migration. While EGFR contains activating

mutations in glioblastomas and lung cancer, overexpression is the primary mechanism by

which EGFR contributes to breast cancer growth and progression (Paez et al., 2004; Wong

et al., 1992). EGFR over-expression occurs in approximately 30% of all breast cancers

which correlates with poor clinical prognosis (Bolla et al., 1990; Sainsbury et al., 1987; Toi

et al., 1991). Several small molecule tyrosine kinase inhibitors (TKIs) targeting EGFR have

been tested in clinical trials with some clinical success in lung and colon cancers. While
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EGFR TKIs have shown some clinical efficacy in hormone receptor-positive breast cancer

(Cristofanilli et al., 2010; Guix et al., 2008; Polychronis et al., 2005), EGFR TKIs lack

efficacy in hormone receptor-negative breast cancer (Blagosklonny and Darzynkiewicz,

2003).

The sub-cellular localization of EGFR determines the signaling pathways stimulated by

EGFR activation. In fact, EGFR promotes differential signaling depending on receptor

localization to endosomes, at the mitochondria, within the nucleus, or on the plasma

membrane. Specifically, EGFR localization to endosomes results in ligand-dependent

activation of extracellular signal-regulated kinase (ERK) and p38 mitogen-activated protein

kinase (MAPK) pathways (Sadowski et al., 2009), while mitochondrial localization of

EGFR has been implicated in modification of cytochrome c oxidase subunit II activity

(Boerner et al., 2004). Also, EGFR localizes to the nucleus where it may act as a

transcription factor (Lin et al., 2001). Perhaps the most well known localization of EGFR is

to the plasma membrane, where it modulates both MAPK and Akt signaling pathways.

The plasma membrane contains discrete heterogeneous microdomains (Maa et al., 1995).

These microdomains are less fluid than the surrounding bulk plasma membrane, and are

enriched in cholesterol, sphingolipids, and gangliosides. They have been termed lipid rafts,

and act as platforms for cellular signaling (Simons and Ikonen, 1997). Levels of lipid rafts

are increased in melanomas, prostate, and breast cancers; results that suggest that these

structures play a functional role during tumorigenesis (Hazarika et al., 2004; Li et al., 2006).

EGFR is one of many proteins shown to exist within lipid rafts, but the effect of EGFR

localization to lipid rafts is not well understood. While it has been noted that lipid raft

localization of EGFR inhibits ligand binding and subsequent signaling downstream (Chen

and Resh, 2002; Roepstorff et al., 2002), other studies have shown that lipid rafts promote

EGFR signaling (Peres et al., 2003; Zhuang et al., 2002).

In this manuscript, we have found that lipid raft localization of EGFR plays a role in the

response of breast cancer cell lines to EGFR TKI-induced growth inhibition. Specifically,

EGFR localization to lipid rafts correlated with EGFR TKI resistance. In addition, reduction

of cholesterol from lipid rafts sensitized resistant breast cancer cells to the EGFR TKI

gefitinib. Significantly, the effects of cholesterol biosynthesis inhibitors and gefitinib were

synergistic. While gefitinib abrogated both Akt and MAPK phosphorylation in EGFR TKI

sensitive cells, Akt remained phosphorylated in EGFR TKI resistant cell lines. Lovastatin, a

cholesterol biosynthesis inhibitor, was sufficient to diminish this phosphorylation in two of

the EGFR TKI resistant cell lines. Thus, our data suggest that lipid rafts provide a platform

for activation of Akt in the absence of EGFR kinase activity in cell lines resistant to EGFR

TKIs.

Materials and Methods

Reagents

Gefitinib was provided by AstraZeneca (Wilmington, DE). All other reagents were

purchased from Sigma or VWR unless otherwise noted.

Cell lines

The SUM series of cell lines were obtained from Dr. Stephen Ethier (Wayne State

University/Karmanos Cancer Institute, Detroit, MI). The remaining cell lines were

purchased from ATCC (Manassas, VA). The normal growth mediums for each cell line are

as follows. SUM 52, SUM 149, SUM 159, SUM 185, SUM 225, and SUM 229 cells are

grown in 5%IH media (Ham's F-12 media, supplemented with 5% FBS, 1μg/ml

hydrocortisone, and 5μg/ml insulin). SUM 1315 cells are grown in 5%IE media (Ham's F-12
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media, supplemented with 5% FBS, 10ng/ml EGF, and 5μg/ml insulin). SUM 44 and SUM

190 cells are grown in SFIH media (Ham's F-12 media, supplemented with 1μg/ml

hydrocortisone, 5μg/ml insulin, 5mM ethanolamine, 10mM HEPES, 5μg/ml transferrin,

10nM triiodo-thyronine, 50μM sodium selenite, and 5% BSA). SUM 102 and MCF10A

cells are grown in SFIHE media (Ham's F-12 media, supplemented with 1μg/ml

hydrocortisone, 5μg/ml insulin, 10ng/ml EGF, 5mM ethanolamine, 10mM HEPES, 5μg/ml

transferrin, 10nM triiodo-thyronine, 50μM sodium selenite, and 5% BSA). MCF7, SKBr3,

T47D, MDA-MB-231 and MDA-MB-468 cells are grown in DMEM+10%FBS media

(DMEM media, supplemented with 10% FBS). BT-20 cells are grown in Eagles+NEAA

media (Eagle's MEM with 2mM L-glutamine and Earle's BSS adjusted to contain 1.5g/L

sodium bicarbonate, 0.1mM non-essential amino acids, 1mM sodium pyruvate, and 10%

FBS). BT-549 cells are grown in RPMI+L-GLUT(2mM) media (RPMI-1640, supplemented

to contain 1.5g/L sodium bicarbonate, 4.5g/L glucose, 10mM HEPES, 1mM sodium

pyruvate, 0.023 IU/ml insulin, and 10% FBS). HCC 1937 and HCC 1954 cells are grown in

RPMI+L-GLUT media (RPMI-1640 media with 2mM L-glutamine adjusted to contain 1.5g/

L sodium bicarbonate, 4.5g/L glucose, 10mM HEPES, 1mM sodium pyruvate, and 10%

FBS). The SUM and HCC cells are cultured in 10% CO2 and the remaining cells are

cultured in 5% CO2. All media are supplemented with 2.5 μg/ml amphotericin B and 25 μg/

ml genatimicin.

Immunoblotting

Breast cancer cell lines were plated at a density of 1×106 cells per 100-mm dish and grown

for 48 h. Cells were treated with indicated reagents (1.0 μM gefitinib for 30 min or 72 h and/

or 1.0 μM lovastatin 72 h) then lysed in CHAPs lysis buffer [10 mmol/L CHAPs, 50 mmol/

L Tris (pH 8.0), 150 mmol/L NaCl, and 2 mmol/L EDTA with 10 μmol/L sodium

orthovanadate and 1× protease inhibitor cocktail]. For immunoblotting, 10 to 100 μg of

protein lysate were separated by SDS-PAGE and transferred to Immobilon P. Membranes

were blocked in either 5% nonfat dry milk for 1 h at 25°C or overnight at 4°C (phospho-

MAPK). Membranes were probed with EGFR (Cell Signaling Technology, Danvers, MA),

Akt (Cell Signaling Technology, Danvers, MA), MAPK (Cell Signaling Technology

Danvers, MA), phospho-Akt (Ser473; Cell Signaling Technology, Danvers, MA), phospho

ERK1/2 (MAPK) (Invitrogen, Carlsbad, CA), transferrin receptor (Invitrogen, Carlsbad,

CA), caveolin-1 (Cell Signaling Technology, Danvers, MA), or flotillin (BD Biosciences,

San Jose, CA) antibodies. All antibodies were incubated overnight at 4°C, except for

phospho-MAPK (2h at room temperature). Membranes were washed with TBS + 0.1%

Tween 20 three times for 10 min, followed by incubation with corresponding secondary

antibody and another series of three washes. Incubation with enhanced chemiluminescence

(GE Healthcare Buckinghamshire, UK) was followed by exposure to film. Experiments

were repeated at least three times and quantified using densitometry (NIH Image).

In vitro kinase assays

Cells were washed in PBS and lysed in solubilization buffer (50 mM HEPES, pH 7.5, 10%

glycerol, 0.5% Triton X-100, 1.5 mM MgCl2, 1 mM EGTA, 1 mM PMSF, 50 μg/ml

aprotinin, and 400 nM vanadate). Lysates were cleared by centrifugation, quantified, and 0.5

mg of protein was immunoprecipitated using EGFR antibodies (mab108, M. Weber,

University of Virginia, Charlottesville, VA). Antibody bound proteins were collected using

protein A beads (Upstate Biotechnology, Lake Placid, NY) and washed three times in HTG

buffer (20 mM HEPES, pH 7.5, 0.1% Triton X-100, and 10% glycerol). For the kinase

assay, 40 μl HTG buffer, 4 μl MnCl2 (of 100 mM stock), and 10 μCi 32P-γATP were

incubated for 10 min at 30°C. The beads were pelleted and the supernatant removed and

discarded. Sample buffer was added to the pellets, the samples were boiled, and proteins
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were separated using 7.5% SDS-PAGE. The gels were dried and exposed to film. Each

experiment was repeated at least three times.

ShRNA downregulation of EGFR

To downregulate EGFR expression we utilized 21 EGFR-directed shRNA lentiviral

constructs from OpenBiosystems (TRCN0000039633, TRCN0000039634,

TRCN0000039635, TRCN0000039636, TRCN0000039637, TRCN0000010329,

TRCN0000121067, TRCN0000121068, TRCN0000121069, TRCN0000121070,

TRCN0000121071, TRCN0000121202, TRCN0000121203, TRCN0000121204,

TRCN0000121205, TRCN0000121206, TRCN0000121327, TRCN0000121328,

TRCN0000121329, TRCN0000121330, TRCN0000121331). Three constructs were chosen

based on their specific reduction in EGFR expression in our cell models. Specifically, EGFR

shRNA #1 = TRCN0000121204 and EGFR shRNA #2 = TRCN0000121071 showed

pertinent effects in our model system. The lentiviruses were packaged using a third

generation lentiviral packaging system developed by Didier Trono and colleagues

(Lausanne, Switzerland) and purchased from Addgene (Dull et al., 1998). Specifically,

Addgene plasmids pMLDg/pRRE (12251), pRSV-Rev (12253), and pMD2.G (12259) were

transfected into HEK293T cells with the lentiviral vectors containing the shRNAs using

FUGENE6 (Roche). Cellular supernatant was collected on days 2 and 3 after transfection,

pooled, and filtered. The lentivirus was titered using HEK293T cells incubated with

increasing concentrations of virus with polybrene and selected for via the puromycin

selection on the lentiviral vector. Colonies were counted and used to compare viral preps

and between viruses for consistent titers used in experiments. To determine the efficacy of

EGFR downregulation in breast cancer cells, equal multiplicity of infection (MOI) of EGFR

shRNA virus (or a non-silencing control) was added to the indicated cells in the presence of

polybrene. Four days later, cell lysates were collected, separated by SDS-PAGE, and

immunoblotted using EGFR antibodies as described above. EGFR was considered knocked

down if the densitometric values of at least three experiments demonstrated at least a 50%

reduction of EGFR protein expression.

To determine if EGFR downregulation effects cell proliferation in breast cancer cells, the

indicated cells were incubated with equal MOI of virus and allowed to proliferate for three

days. Puromycin was then added to media to select for cells that contain the lentivirus and

cells were allowed to proliferate for an additional eight days. The number of cells was

quantified using a Beckman Coulter Counter. Each experiment was repeated at least three

times with the following control conditions: no puromycin added to the cells, no viral

infection with puromycin selection, and non-silencing control with puromycin selection. The

percent of cell growth was determined by using the non-silencing control with puromycin

selection as 100% cell growth.

Immunostaining

Anti-EGFR (mab108) was labeled with Alexa-fluor-488 (Invitrogen, Carlsbad, CA). Cells

were plated on coverslips at a density of 1.5×105 cells per 35mm dish and grown for 48 h in

growth medium. For lipid raft staining, cells were incubated with Alexa-fluor-594 labeled

cholera toxin subunit B (Invitrogen, Carlsbad, CA) at 1 μg/ml for 10min on ice prior to

fixation (Liu et al., 2007; Roepstorff et al., 2002). Cells were then fixed with formalin,

permeabilized with 0.1 % Triton-x 100 (if applicable), blocked in 20% goat serum for 1 h,

then incubated with Alexa-fluor labeled antibody for 1 h, washed, and mounted onto slides

with Prolong Gold containing DAPI (Invitrogen, Carlsbad, CA). Imaging was performed via

confocal microscopy using a Zeiss Axioplan2 apotome microscope fitted with a 63X 1.25

oil immersion lens at the Microscopy and Imaging Resources Laboratory (Wayne State

University, Detroit, MI).
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Biochemical Raft Isolation

Biochemical lipid raft isolation was performed following established protocols (Macdonald

and Pike, 2005). Briefly, cells were plated at a density of 0.5×106 cells in six-100 mm plates

and allowed to grow in growth medium for 72 h. Cells were scraped in base buffer [20 mM

Tris, pH 7.8, 250 mM Sucrose, 1 mM MgCl2, 1 mM CaCl2, 100 μM sodium orthovanadate]

and then lysed in base buffer containing 1× protease inhibitor cocktail (EMD Biosciences,

Gibbstown, NJ) by passing through a 22 gauge × 1.5″ needle 40 times. Lysates were

centrifuged as described and the first and second post-nuclear supernatants were combined

and frozen at -20°C. Samples were thawed and combined with equal volume of 50% Opti-

Prep (Greiner Bio One, Monroe, NC) and 0-20% Opti-Prep gradient was applied. Gradients

were centrifuged for 90 min at 52,000×g and then fractionated into 16 - 0.56 mL fractions.

Fractions were separated via SDS-PAGE, transferred to Immobolin-P (Millipore, Billerica,

MA), and immunoblotted utilizing antibodies described above. Fractions were dot blotted

with Cholera Toxin Subunit B-HRP (Invitrogen, Carlsbad, CA) to determine GM-1

expression. Incubation with enhanced chemiluminescence (GE Healthcare,

Buckinghamshire, UK) was followed by exposure to film. Experiments were repeated at

least three times and quantified using densitometry (NIH Image).

Cholesterol Assay

SUM159 breast cancer cells were plated at a density of 0.5×104 cells per well of a 6-well

plate then treated with indicated concentrations of methyl-beta cyclodextrin (0.5 mM

MBCD 1 h), gefitinib (1.0 μM 72 h), lovastatin (1.0 μM 72 h), atorvastatin (LC

Laboratories, Woburn, MA; 1.0 μM 72 h), or NB-598 (1.0 μM 72 h) in growth medium.

Cells were then lysed in CHAPS lysis buffer [10 mmol/L CHAPs, 50 mmol/L Tris (pH 8.0),

150 mmol/L NaCl, and 2 mmol/L EDTA with 10 μmol/L sodium orthovanadate and 1×

protease inhibitor cocktail] and Bradford protein assay (Bio-Rad, Hercules, CA) was

performed. Cholesterol was measured utilizing the Amplex Red cholesterol assay kit

(Invitrogen, Carlsbad, CA). Briefly, 5 μl of sample was diluted into 45 μl 1× reaction buffer

and 50 μl Amplex Red buffer [2 U/mL HRP, 2 U/mL cholesterol oxidase and 0.2 U/mL

cholesterol esterase] was added in a 96-well plate. Reactions were incubated at 37°C for 30

min, then excitation was performed at 540/25nm and emission measured at 620/40nm

utilizing filters of a Synergy 2 Multi-Mode Microplate Reader (BioTek, Winooski, VT).

Emission readings were averaged and compared to standard curve, then normalized for

protein content.

Growth Assays

Cells were plated at a density of 3.5×104cells per well in 6-well plates on day 0. Every other

day, cells were treated with indicated concentrations of gefitinib, CI-1033 or lovastatin

(EMD Biosciences, Gibbstown, NJ) alone or in combination in growth medium. On days 1,

4 and 8, cells were counted with a coulter counter (Beckman Coulter, Brea, CA). Graphs

represent the mean of three individual experiments performed in triplicate.

MTS Assays

Breast cancer cells were plated at a density of 1-2×103 in 96-well plates, incubated

overnight, and then treated with lovastatin or NB-598 for 72 h in growth medium with or

without the addition of gefitinib. Twenty microliters of CellTiter 96 Aqueous One Solution

Cell Proliferation Assay reagent (Promega, Madison, WI) were added to each well and

allowed to incubate at 37°C. Absorbance at 490nm was detected at 2 h using an OpsysMR

microplate reader (Dynex, Chantilly, VA). Absorbance units were normalized to the mean of

a single dose to compare between experiments. Dose response curves were generated using

non-linear sigmoidal dose response curve analyses in GraphPad Prism. Points in the graph
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represent a mean of three independent experiments performed in triplicate. IC50s were

calculated and plotted on isobolograms. IC50 points represent a mean of at least three

independent experiments.

Statistics

Student's t-test was performed utilizing the statistical software in GraphPad Prism. P-values

of <0.05 were considered statistically significant. To perform synergy analyses, the IC50

gefitinib was calculated for each dose of lovastatin. The combination index (CI-value) was

calculated as follows: (IC50 gefitinib at × dose lovastatin)/(IC50 gefitinib alone) + (dose of

lovastatin)/(IC50 lovastatin alone).

Results

Resistance of EGFR expressing breast cancer cell lines to EGFR TKIs

The lack of clinical response of breast cancers to EGFR TKIs prevents the use of an

excellent targeted agent for the treatment of this disease. To study mechanisms of resistance

to EGFR TKIs in breast cancer, we characterized a panel of twenty breast cancer cell lines

for EGFR protein expression (Fig. 1A). Thirteen of the cell lines analyzed expressed EGFR

protein. Interestingly, in twelve of the thirteen EGFR expressing cell lines, EGFR was

kinase active under normal growth conditions (Fig. 1B). To determine the response of these

twelve cell lines to the EGFR TKI gefitinib, we treated the cells with increasing doses of

gefitinib, an EGFR TKI, and measured cellular viability via MTS analyses (Table 1).

Previous reports in lung cancer cell lines have suggested that an IC50 of 10 μM or less, as

determined by MTS analyses, represents sensitivity to gefitinib, while an IC50 value of >10

μM denotes resistance (Helfrich et al., 2006;Noro et al., 2006;Ono et al., 2004;Witta et al.,

2006). By these standards, five of the breast cancer cell lines we tested were considered

sensitive to gefitinib (Table 1). Seven cell lines, specifically SUM159, SUM229, BT20,

BT549, HCC1937, MDA-MB231, and MDA-MB468, had IC50 values for gefitinib >10 μM,

suggesting that these cell lines were resistant to EGFR kinase inhibition by gefitinib (Table

1, bold). These designations of sensitivity and resistance are supported by cellular

proliferation data showing that physiologically relevant doses of gefitinib decreased

proliferation of sensitive cell lines, while proliferation of resistant cell lines continued

(Supplemental fig. 1). Breast cancer cells resistant to gefitinib-induced growth inhibition

were also shown to be resistant to other EGFR selective TKIs, including the irreversible

inhibitor CI-1033 (Supplemental Fig. 2, and data not shown).

In order to determine if gefitinib effectively inhibits EGFR kinase activity in these breast

cancer cells, in vitro kinase assays were performed. We have previously published that 0.1

μM gefitinib completely abrogates EGFR kinase activity as measured by 32P incorporation

into EGFR via autophosphorylation (Mueller et al., 2008). Interestingly, we found that in

five of the seven EGFR TKI resistant breast cancer cells, tyrosine phosphorylation was

maintained in the absence of EGFR kinase activity which we have evidence to support

occurs via transphosphorylation by other activated tyrosine kinases (Mueller et al., 2008).

Here, we added to these findings by determining the minimal dose and time of gefitinib

required to completely inhibit EGFR kinase activity (Fig. 1C). We found that as little as 10

nM gefitinib for five minutes was sufficient to deplete EGFR kinase activity in these cells.

Therefore, EGFR kinase activity was successfully inhibited by the doses of gefitinib utilized

in these studies in both EGFR TKI sensitive and resistant cell lines.

Although EGFR kinase activity is not required for the growth of EGFR TKI resistant cell

lines, the previously described maintenance of EGFR phosphorylation in the absence of

kinase activity (Mueller et al., 2008) suggests that the protein itself may still be required for
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proliferation. Thus, to directly determine if proliferation of EGFR TKI resistant cells

requires EGFR protein expression, we used EGFR-targeting shRNA lentiviral infection to

down-regulate EGFR protein expression. Twenty-one EGFR shRNA constructs were

screened for efficiency of knocking down EGFR expression, as measured by

immunoblotting. Two EGFR shRNA constructs consistently decreased EGFR protein

expression (Fig. 2A). Construct one gave the best knockdown, as there was at least a 50%

reduction in EGFR protein of all cell lines tested when compared to the non-silencing

shRNA control. In order to determine if knockdown of EGFR was sustained over the period

utilized to conduct growth assays, SUM159 and SUM229 cells were infected with EGFR

shRNA, and grown with puromycin selection for two weeks. As seen in Figure 2B, EGFR

protein expression remained reduced at two weeks in both cell lines, demonstrating that

EGFR #1 shRNA sufficiently knocks down EGFR expression over the time period

necessary for growth assays to be performed. Additionally, SUM44 cells, which do not

express EGFR (Fig. 1A), were utilized as a negative control, and HCC1954 cells which are

sensitive to EGFR TKIs (Table 1, Supplemental fig. 1) were utilized as a positive control.

Notably, BT549, MDA-MB231, and MDA-MB468 cells continued to grow after a decrease

in EGFR protein expression (Fig. 2C). This non-dependence on EGFR protein expression in

these three cells lines may be a result of genetic alterations in signaling proteins downstream

of EGFR. Specifically, MDA-MB-468 and BT549 cells have lost PTEN expression and

MDA-MB-231 cells contain an activating K-Ras mutation (Hollestelle et al., 2007).

Conversely, in SUM159, HCC1937, SUM229, and BT20 breast cancer cell lines, knocking

down EGFR expression significantly decreased proliferation, suggesting that EGFR protein

expression is, at least in part, required for the growth of these cell lines (Fig. 2C, * =

p<0.05).

EGFR is localized to lipid rafts in breast cancer cells resistant to EGFR TKI-induced
growth inhibition

Previous studies have shown that EGFR localization can modulate EGFR signaling (Boerner

et al., 2004; Chen and Resh, 2002; Li et al., 2006; Lin et al., 2001; Zhuang et al., 2002).

Thus, to determine if the localization of EGFR was mediating the response of cells to EGFR

TKIs, immunostaining and confocal microscopy were performed. Cells were stained with

Alexa-Fluor 488-labeled EGFR antibodies (Fig. 3; green) and DAPI as a nuclear dye (blue).

In two EGFR TKI sensitive cell lines (SKBR3 and SUM1315), EGFR localized entirely

within intracellular compartments and the cytosol. However, in two other EGFR TKI

sensitive cell lines (SUM149 and HCC1954), as well as all four EGFR TKI resistant cell

lines, EGFR localized both within intracellular regions and at the plasma membrane.

Interestingly, EGFR staining was not always contiguous around the membrane. The patchy

nature of the staining, most prominent in SUM159 cells (Fig. 3; arrows), suggested that

EGFR may localize to lipid rafts (Grossmann et al., 2006; Harder et al., 1998).

EGFR has been shown to localize within lipid rafts in Hela and CHO cells as well as MDA-

MB231 breast cancer cells (Macdonald and Pike, 2005). In order to determine if EGFR was

localized to lipid rafts in our panel of EGFR TKI resistant breast cancer cells, we used two

methods of identifying these structures: biochemical raft isolation and confocal microscopy.

First, a detergent-free Opti-Prep gradient was used to isolate lipid rafts (Macdonald and

Pike, 2005). Flotillin, a membrane protein found both within and outside of lipid rafts, was

used to show presence of membrane components within all fractions, while transferrin

receptor was used as a marker for non-raft containing fractions. In addition, caveolin-1 was

used as a marker for lipid containing caveolae (Macdonald and Pike, 2005). These markers,

along with dot blotting for the lipid raft specific glycosphingolipid GM-1 (Fig. 4A) indicated

fractions 1-7 as lipid raft fractions. When these fractions were immunoblotted using EGFR

antibodies, EGFR localization to lipid raft fractions was most prominent in the EGFR TKI
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resistant cell lines (Figure 4A). As SKBR3 and SUM1315 cell lines showed solely

intracellular EGFR staining, these cell lines were excluded from lipid raft analyses.

Quantification of the percent of total EGFR that was present in the lipid raft fractions found

that the four EGFR TKI resistant breast cancer cell lines contained significantly more EGFR

within lipid rafts as compared to the average EGFR content within lipid rafts of two EGFR

TKI sensitive cell lines, SUM149 and HCC1954 (Fig. 4B, * = p < 0.05). Taken together,

these data suggest that elevated EGFR localization to lipid rafts may correlate with

resistance to EGFR TKI-induced growth inhibition.

While lipid rafts are predominately found within the plasma membrane, there is evidence

that they are also present in endosomes, lysosomes, and mitochondria (Galbiati et al., 2001).

To determine if EGFR localized specifically within plasma membrane lipid rafts, we used

immunofluorescent staining under non-permeabilizing conditions. Cholera toxin subunit B

binds specifically to GM-1 and was used to detect localization of lipid rafts and EGFR was

detected as described above. In the EGFR TKI resistant cell lines (SUM159, HCC1937,

SUM229, and BT20), EGFR (green) co-localized (yellow/orange) with GM-1 (red) at the

plasma membrane (Fig. 4C; arrows). In contrast, in the EGFR TKI sensitive cell lines

(SUM149 and HCC1954), EGFR and GM-1 did not co-localize (Fig. 4C). These data

suggested that EGFR localizes within plasma membrane lipid rafts in breast cancer cells that

are resistant to EGFR TKI-induced growth inhibition.

Disruption of lipid rafts sensitizes breast cancer cells to EGFR inhibitors

Cholesterol is the primary structural component of lipid rafts (reviewed in (Barenholz,

2002)), thus, to determine if the presence of EGFR in lipid rafts mediates cellular response

to EGFR TKIs, we pharmacologically depleted cholesterol from the cells. HMG CoA-

reductase inhibitors lovastatin and atorvastatin were used to reduce lipid raft cholesterol

content (reviewed in (Simons and Toomre, 2000)). The Amplex Red cholesterol assay,

which determines total cellular cholesterol content by measuring the amount of H2O2

produced by the reaction of cholesterol in the sample with cholesterol oxidase and

cholesterol esterase enzymes, was utilized to determine the ability of these drugs to reduce

cellular cholesterol (Fig. 5). Methyl-β cyclodextrin (MBCD), a cytotoxic cholesterol

sequestering agent, reduced cholesterol by 41.5% +/- 8.1%, and was therefore used as a

positive control for these experiments. Seventy-two hours of treatment with the HMG CoA

reductase inhibitors lovastatin and atorvastatin resulted in depletion of cholesterol content,

with a reduction of 59.0% +/-12.4% at 1.0 μM lovastatin and a reduction of 49.6% +/-10.3%

at 1.0 μM atorvastatin (Fig. 5). Importantly, gefitinib treatment had no effect on cholesterol

content of these cells, and did not alter the ability of lovastatin to reduce total cellular

cholesterol (Fig. 5). The levels of cholesterol reduction produced by the statins are

comparable with published results (Ehehalt et al., 2008; Sethy-Coraci et al., 2005).

To determine if lovastatin has the ability to sensitize breast cancer cells to gefitinib, cell

counting assays were used to measure proliferation. Cells were treated every other day with

the drugs and counted on days 1, 4, and 8 (Fig. 6). As described previously, the four EGFR

TKI resistant cell lines continued to proliferate in the presence of gefitinib. Interestingly,

lovastatin was able to significantly reduce proliferation in the presence of gefitinib when

compared to gefitinib or lovastatin treatment alone (Fig. 6; * = p<0.0001, ◆). Taken

together, these data suggested that treatment with lovastatin sensitizes EGFR TKI resistant

cell lines to gefitinib.

In order to determine if the effects of lovastatin and gefitinib were synergistic in EGFR TKI

resistant breast cancer cells, cell viability assays were performed. Briefly, cells were treated

for 72 h with the combination of lovastatin and gefitinib prior to performing tetrazolium-

based cell viability assays. It can be noted that the IC50 values for cell viability analyses
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were much higher than doses found to be effective in cellular proliferation assays. While

proliferation assays allow for the measurement of the number of cells over time, cell

viability assays indicate the metabolic activity of the cell population. The IC50 of gefitinib

was calculated at various doses of lovastatin, and then isobolograms were generated (Fig. 7).

An additive interaction in SUM149 and HCC1954 cells was calculated from these assays

(Fig. 7, points on the line). In contrast, synergistic effects were seen in all four EGFR TKI

resistant cell lines (Fig. 7, points below the line). Combination index (CI) values were

calculated based on the IC50 values (Table 2). These values were significantly lower than

one in all of the EGFR TKI resistant cell lines. These results suggested that the

combinatorial inhibition of lipid raft structure and EGFR-kinase activity resulted in a

synergistic decrease in cell viability when EGFR is localized to lipid rafts. Therefore, the

use of lovastatin and gefitinib in combination may effectively decrease viability and

proliferation of breast cancers that contain EGFR within lipid rafts.

Statin drugs work by inhibiting HMG-CoA reductase. In addition to cholesterol

biosynthesis, this enzyme also regulates isoprenoid synthesis. Therefore, in order to

determine if the synergistic effect between lovastatin and gefitinib is mediated by the

cholesterol depleting effects of the clinically relevant statin drug, the experimental drug

NB-598 was used. NB-598 is a squalene monooxygenase inhibitor (Horie et al., 1990), and

therefore inhibits cholesterol biosynthesis but not isoprenoid synthesis. First, to determine if

NB-598 effectively inhibited cholesterol biosynthesis, SUM159 cells were treated with

NB-598 for 72 h prior to assaying cholesterol esterase activity (Fig. 5). NB-598 treatment

reduced cholesterol by 37.1% +/- 0.59%, suggesting that NB-598 depleted cholesterol to a

level comparable to lovastatin. Therefore, we utilized NB-598 to determine if inhibiting

cholesterol biosynthesis in the absence of altering isoprenoid synthesis has the ability to

sensitize cells to gefitinib. EGFR TKI resistant breast cancer cells were treated with variable

doses of NB-598 alone, or in combination with gefitinib. Cell viability assays were used to

determine the IC50 of gefitinib at variable doses of NB-598. As shown in Figure 8, the

effects of gefitinib and NB-598 were synergistic. These data suggest that cholesterol

depletion alone is sufficient to sensitize EGFR TKI resistant cells to gefitinib.

Akt phosphorylation is abrogated with lipid raft disruption

Resistance to EGFR TKIs suggests that inhibiting the EGFR kinase activity is insufficient to

turn off growth and survival signaling in these cells. Localization of EGFR to lipid rafts has

variable effects on signaling pathways downstream of EGFR (Chen and Resh, 2002; Li et

al., 2006), thus we determined what effect depletion of cholesterol had on EGFR signaling

in EGFR TKI resistant cells as compared to EGFR TKI sensitive cells. As discussed further

below, BT20 cells contain a PIK3CA mutation, and the HCC1937 cell line has loss of PTEN

expression, therefore, lovastatin did not affect a change in the phosphorylation of Akt in

these cell lines (data not shown). Thus, two EGFR TKI resistant cell lines (SUM159 and

SUM229) and one EGFR TKI sensitive cell line (SUM149) were treated with lovastatin and

gefitinib alone or in combination and immunoblotting was performed to determine the

phosphorylation of two key mediators of EGFR-induced survival and proliferative signaling,

Akt and MAPK. Gefitinib treatment resulted in a reduction of MAPK phosphorylation in

both the sensitive SUM149 cell line and two gefitinib resistant cell lines (SUM159 and

SUM229). In contrast, Akt phosphorylation was inhibited in the EGFR TKI sensitive cell

line yet persisted in the presence of gefitinib in EGFR TKI resistant cell lines (Fig. 9, lane

3). This phosphorylation persisted even after 72 h treatment with gefitinib (data not shown).

When treated with lovastatin, alone or in combination with gefitinib, Akt phosphorylation

was abrogated (Fig. 9, lanes 2 and 4). These data suggested that co-treatment of cells with

lovastatin and gefitinib was able to inhibit two major EGFR signaling pathways. Thus, we

propose that lipid rafts may provide a platform whereby EGFR may functionally interact
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with other proteins to activate downstream signaling pathways including Akt which function

to modulate the response to EGFR TKIs.

Discussion

We have provided evidence describing a role for lipid rafts in resistance to EGFR TKI-

induced growth inhibition using four EGFR expressing breast cancer cell lines which

continue to proliferate in the presence of gefitinib, an EGFR TKI. We have shown that seven

of thirteen EGFR-expressing breast cancer cell lines are resistant to EGFR TKI-induced

growth inhibition, and that four of those cell lines retain the requirement of EGFR protein

expression for growth. Also, we have provided evidence that EGFR localization to lipid rafts

correlates with EGFR TKI resistance. Further, lovastatin, a HMG CoA reductase inhibitor,

as well as NB-598, a squalene monooxygenase inhibitor reduced cholesterol biosynthesis in

the EGFR TKI resistant breast cancer cells. In addition, lovastatin sensitized EGFR TKI

resistant breast cancer cells to gefitinib-induced growth inhibition. Importantly, this

sensitization of EGFR TKI growth resistant cells to gefitinib was determined to be

synergistic for both lovastatin and NB-598. Our data suggests that lipid rafts provide a

platform to promote survival and growth signaling in the presence of EGFR kinase

inhibitors.

Overexpression of EGFR is one mechanism by which EGFR contributes to cancer

progression. In fact, overexpression of EGFR occurs in glioblastomas, breast, prostate,

ovary, liver, bladder, esophagus, larynx, stomach, colon, and lung cancers (Khazaie et al.,

1993). This fairly ubiquitous overexpression suggests that EGFR may be an attractive target

for cancer therapeutics. Inhibitors of EGFR kinase activity show clinical efficacy lung,

pancreatic, colorectal, and head and neck cancers (Baker, 2004; Cohen et al., 2005; Giusti et

al., 2008; Sobrero et al., 2008), however they have proven ineffective in the treatment of

breast cancers (Blagosklonny and Darzynkiewicz, 2003; Twombly, 2005). We have

provided evidence that EGFR expressing breast cancer cell lines differ in their response to

these EGFR TKIs (Table 1). Seven of thirteen breast cancer cell lines were found to be

resistant to EGFR TKI-induced growth inhibition using both cellular viability and

proliferation assays. Specifically, SUM159, SUM229, BT20, BT549, HCC1937, MDA-

MB231, and MDA-MB468 cell lines had IC50 values for gefitinib above 10 μM and

continued to proliferate in the presence of 1 μM gefitinib (Table 1, Supplemental Fig. 1).

These designations of resistance are consistent with previously published results in other

cancer types (Helfrich et al., 2006; Noro et al., 2006; Ono et al., 2004; Witta et al., 2006).

EGFR expressing breast cancers are typically characterized as triple-negative breast cancers,

which lack expression of estrogen receptor and progesterone receptor and do not contain

HER2 amplification. Therefore, hormone therapy and HER2 targeted antibodies, which are

currently in clinical use, are not effective in this population of breast cancer patients. Of the

thirteen EGFR expressing breast cancer cell lines that were characterized herein for response

to EGFR inhibitors, all thirteen were negative for estrogen and progesterone receptors, and

lacked HER2 amplification (Lacroix and Leclercq, 2004; Neve et al., 2006). Taken together,

these data support the need for targeted therapeutics for these triple negative, EGFR

expressing breast cancers. Unfortunately, despite the expression of EGFR in triple-negative

breast cancers, there is a disappointing lack of clinical efficacy of EGFR TKIs. A number of

mechanisms have been suggested for resistance to EGFR TKI-induced growth inhibition in

other cancers, including EGFR independence, mutations in EGFR and alterations in

downstream signaling pathways. We have shown that three of seven EGFR TKI resistant

breast cancer cell lines grow independently of EGFR protein expression, while four retain

the requirement of EGFR expression for their proliferation (Fig. 2A-C). Mutations of EGFR,

such as the VIII or T790M, have been implicated in glioblastomas and non-small cell lung
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cancers; however, these mutations are rare in breast tumors (Bianco et al., 2005). We have

sequenced EGFR in the cell lines we used for our studies and no EGFR mutations were

present (R. Haddad, personal communication). Here, we suggest that the localization of

EGFR, specifically to lipid rafts, contributes to resistance to EGFR TKI-induced growth

inhibition. Our data indicate that localization of EGFR to lipid rafts correlates with

resistance to EGFR TKIs (Fig. 4). While EGFR has been suggested to also localize to

caveolae (another cholesterol-rich membrane microdomain) (Mineo et al., 1999; Yamabhai

and Anderson, 2002), biochemical raft isolation shows EGFR localizes primarily outside of

caveolin-1 containing fractions in EGFR TKI resistant breast cancer cell lines (Fig. 4A).

Although the majority of EGFR localizes to caveolin-1 negative fractions (fractions 1-7, Fig.

4A), we cannot exclude the possibility that caveolae may also play a role in resistance of

these breast cancer cells to EGFR TKIs.

Lipid rafts have been suggested to play a functional role in cancer cell drug resistance.

Depletion of lipid rafts through inhibition of fatty acid synthase (FAS) has been found to

overcome trastuzumab resistance in breast cancer (Menendez et al., 2005). Specifically

Her2/Neu co-localizes with lipid rafts in breast cancer cells, and the lipid environment of

Her2/Neu-overexpressing cells influences the dimerization properties and signaling

functions of Her2/Neu (Menendez et al., 2005). Furthermore, preclinical data suggest that

lipid raft depletion via statins can decrease cell growth and sensitize cells to apoptotic

stimuli in a number of cancer models including melanoma, prostate, and HER2-

overexpressing breast cancers (Glynn et al., 2008; Herrero-Martin and Lopez-Rivas, 2008;

Li et al., 2006). Epidemiologic data regarding the use of statins as singular agents in breast

cancer are mixed (Beck et al., 2003; Cauley et al., 2003; Kwan et al., 2008). The apparent in

vitro benefit of combining statins with other therapies suggests that statins may have a

greater clinical benefit when utilized as a part of combinatorial therapies (Katz, 2005). In

that regard, we have shown that cholesterol depletion synergizes with gefitinib in four

EGFR TKI resistant breast cancer cell lines (Fig. 7 and 8, Table 2). Specifically, co-

treatment of these cell lines with lovastatin and gefitinib significantly reduces cell

proliferation compared to either drug alone (Fig. 6). Also, when CI-values were determined

for the combination of cholesterol inhibitors and gefitinib, all four cell lines resistant to

EGFR TKI-induced growth inhibition showed synergy (Table 2, Figs. 7 and 8). Thus, in

breast cancer cells resistant to EGFR TKI-induced growth inhibition, EGFR is commonly

localized to lipid rafts, and our data indicate that this localization plays a functional role in

such resistance.

Failure to inhibit Akt signaling, due to mutation or loss of PTEN, constitutive activation of

PI3K, or overexpression of Akt, has also been shown to be a mechanism of resistance to

EGFR TKI-induced growth inhibition (Cheng et al., 1992; Hollestelle et al., 2007; Lu et al.,

1999). Of the cell lines that retain the requirement of EGFR protein expression for growth,

but are EGFR TKI resistant, one has a PIK3CA mutation (BT20), and one has loss of PTEN

expression (HCC1937) suggesting that the PI3K/Akt pathway may be important in the

tumorigenicity of these cell lines (Hollestelle et al., 2007). Indeed, Akt phosphorylation

persists in the absence of EGFR kinase activity in these two cell lines and lovastatin had no

effect on Akt phosphorylation (data not shown). Two other EGFR TKI resistant cell lines

(SUM159 and SUM229) do not contain genetic mutations in the Akt pathway, yet retain Akt

phosphorylation in the presence of gefitinib (Fig. 9, lane 3). Lovastatin treatment was

sufficient to abrogate this phosphorylation in the SUM159 and SUM229 cell lines,

suggesting that lipid rafts play a role in the regulation of Akt phosphorylation in a subset of

EGFR TKI resistant cells (Fig. 9, lanes 2 and 4). Specifically, we suggest that lipid rafts

provide a platform for Akt signaling, even in the presence of an EGFR TKI. However, as

EGFR signaling is mediated by many more proteins than addressed here, it is possible that

other pathways may also be downstream of EGFR-kinase independent, lipid raft-dependent
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activation. Nevertheless, localization of EGFR to lipid rafts is an important factor in the

resistance of breast cancer cells to EGFR TKI-induced growth inhibition.

Our data suggest that the synergistic mechanism between lovastatin and gefitinib in breast

cancer cells is due to depletion of cholesterol and thereby depletion of lipid rafts. However,

it is important to note that while statin use has been a common method to deplete cells of

lipid raft structure for many years, the mechanism of action of statin drugs is not solely

through the reduction of cholesterol. Statin treatment and consequent reduction of HMG-

CoA reductase activity also inhibits protein prenylation. Indeed, previous studies have

demonstrated that lovastatin can potentiate the effects of gefitinib (and vice versa) in

squamous cell carcinoma, non-small cell lung cancer, colon carcinoma, and glioblastoma

cell lines due to decreased protein prenylation (Cemeus et al., 2008; Lacroix and Leclercq,

2004; Mantha et al., 2005; Mantha et al., 2003; Park et al., 2009). Specifically, in 2003

Mantha and colleagues combined gefitinib and lovastatin in head and neck cancer cell lines

and found a synergistic interaction between these drugs due, at least in part, to protein

prenylation (Mantha et al., 2003). This group later showed a synergistic interaction with this

drug pairing in cervical and non-small cell lung cancers in addition to recapitulating their

findings in head and neck cancer. In that manuscript, the effects of lovastatin are completely

attributed to protein prenylation (Mantha et al., 2005). Further, researchers have described

such an interaction between lovastatin and gefitinib in glioblastoma and non-small cell lung

cancer, again attributing their effect to protein prenylation (Cemeus et al., 2008; Park et al.,

2009). Most recently, Zhao and colleagues have proposed that EGFR dimerization is

inhibited by treatment with lovastatin, an effect dependent on aberrant prenylation of RhoA

(Lacroix and Leclercq, 2004). While all of these groups show a functional interaction

between lovastatin and gefitinib, they do not eliminate the possibility that EGFR localization

to lipid rafts is a potential mechanism of this effect. We have shown clearly that the

synergistic interaction between lovastatin and gefitinib in breast cancer is due to cholesterol

inhibition, as both lovastatin and the squalene monooxygenase inhibitor NB-598 were

sufficient to sensitize EGFR TKI resistant breast cancer cells to gefitinib (Figs. 7 and 8).

Taken together, these results suggest that the effects of lovastatin treatment in our study are

due to cholesterol modulation and subsequent lipid raft impairment rather than decreased

protein prenylation.

We have demonstrated that EGFR localizes to lipid rafts in EGFR expressing, EGFR TKI

resistant, breast cancer cell lines. We have provided evidence that reducing cholesterol

biosynthesis sensitizes these EGFR TKI resistant cells to the EGFR TKI gefitinib. We have

shown that cholesterol reducing drugs and gefitinib act synergistically to decrease cell

viability in breast cancer cells that are resistant to EGFR TKI-induced growth inhibition. We

have confirmed that cholesterol depletion, rather than protein prenylation, results in a

synergistic effect with gefitinib in these cells. Mechanistically while gefitinib effectively

reduced MAPK phosphorylation in EGFR TKI resistant cell lines, Akt phosphorylation

persisted. Lovastatin was sufficient to abrogate this phosphorylation of Akt in two of the

EGFR TKI resistant cell lines. As EGFR kinase activity is completely inhibited by gefitinib

treatment in these cells (Mueller et al., 2008), we hypothesize that lipid rafts provide a

platform by which EGFR interacts with other proteins to phosphorylate EGFR in the

presence of EGFR TKIs and activate signaling pathways including the Akt pathway. Thus,

as both statin drugs and gefitinib are well tolerated and approved for use in patients, the

work herein provides rationale for further exploration of the combination of these drugs in

breast cancers that are resistant to EGFR TKI-induced growth inhibition.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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TKI tyrosine kinase inhibitor
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Figure 1. EGFR is expressed and kinase active in breast cancer

Breast cancer cell lines were grown in normal growth medium. (A) Cells were lysed and 100

μg of lysate was separated by SDS-PAGE, transferred to PVDF, and immunoblotted with

EGFR or β-actin antibodies. Immunoblots are representative of at least three individual

experiments. (B) Cells were lysed in kinase-buffer and immunoprecipitated with EGFR

antibodies. Kinase assays were performed with 32P-γATP incorporated into EGFR as the

substrate for EGFR kinase activity. Autoradiography was performed at least three individual

times. (C) Kinase assays were performed as described after indicated treatment times and

doses of gefitinib in SUM 229 cells. Autoradiography was performed at least three

individual times.
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Figure 2. EGFR protein expression is required for growth in four of seven EGFR TKI resistant
breast cancer cell lines

(A) Cells were incubated with equal MOI of virus for four days, lysed, separated by SDS-

PAGE, and immunoblotted for EGFR and β-actin. Experiments were performed at least

three independent times (B) SUM 159 and SUM 229 cells were grown under selection

pressure for two weeks post-infection, then lysed, separated by SDS-PAGE, and

immunoblotted for EGFR. Immunoblots are representative of at least three independent

experiments (C) Cells were plated at 1,000 cells/well of a 6-well plate and inoculated with

EGFR shRNA #1 lentivirus or non-silencing control lentivirus. Three days later, the media

was changed to puromycin containing media for eight days. Cells were then counted using a

Beckman Coulter Counter. Error bars represent the standard error of the mean of at least

three independent experiments. Statistical analyses were performed utilizing Student's t-test,

* = p<0.05.
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Figure 3. EGFR is localized to the plasma membrane in breast cancer cell lines

For each cell line, two hundred thousand cells were plated onto coverslips and cultured in

growth medium for 48 h. Cells were fixed, permeabilized, and blocked with 20% goat

serum. EGFR was detected with Alexa-fluor 488 labeled EGFR antibody (green) and nuclei

were identified with DAPI (blue). Imaging was performed using Zeiss Axioplan2 apotome

microscope fitted with a 63X 1.25 oil immersion lens at the Microscopy and Imaging

Resources Laboratory (Wayne State University, Detroit, MI). Arrows indicate patchy EGFR

staining. Scale bars represent a distance of 50 μm. Images are representative of at least three

independent experiments.
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Figure 4. EGFR localization to lipid rafts correlates with EGFR TKI resistance

(A) One half million cells were plated, cultured 72 h, detergent-free lysis was performed and

lipid rafts were separated by ultracentrifugation (Macdonald and Pike, 2005). Western

blotting was performed with EGFR, transferrin receptor, caveolin-1, and flotillin antibodies.

Fractions were dot blotted for GM-1 utilizing cholera toxin subunit B-HRP. Fractions 1-7

indicate lipid raft fractions. # indicates that the blots are representative of at least three

independent experiments. (B) Densitometry was performed on western blots from A. Bars

represent the percent of EGFR in lipid raft fractions (1-7) as compared to the total amount of

EGFR present (1-14) from at least three independent experiments. Statistical analyses were

performed utilizing a student's t-test, * = p<0.05 compared to SUM149 and HCC1954 cells.
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(C) Two hundred thousand cells were plated onto coverslips and cultured for 48 h.

Coverslips containing cells were then incubated with Alexa-fluor 594 labeled cholera toxin

subunit B (red) for 10 min on ice. Following incubation, cells were fixed, blocked in 20%

goat serum, and incubated with immunofluorescent EGFR antibodies (extracellular domain

epitope, green) and nuclei were stained with DAPI (blue). Imaging was performed using

Zeiss Axioplan2 apotome microscope fitted with a 63X 1.25 oil immersion lens at the

Microscopy and Imaging Resources Laboratory (Wayne State University, Detroit, MI).

Arrows indicate areas of co-localization. Scale bars represent a distance of 50 μm. Images

are representative of at least three independent experiments. Sens = EGFR TKI sensitive cell

line and Res = EGFR TKI resistant cell line.
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Figure 5. MBCD, lovastatin, atorvastatin, and NB-598 reduce cholesterol in breast cancer cells

Fifty thousand cells were plated into 6-well plates and treated with 1.0 mM MBCD (1 h), 1.0

μM lovastatin (72 h), 1.0 μM atorvastatin (72 h), 1.0 μM NB-598 (72 h), 1 μM gefitinib (1

h), or a combination of 1.0 μM gefitinib (1 h) and 1.0 μM lovastatin (72 h) (Gef. + Lov.) in

growth medium. Lysis was followed by protein quantification and cholesterol was measured

using the Amplex Red cholesterol assay kit. Absorbance was converted to μg cholesterol/

mL utilizing a cholesterol standard curve, and then samples were normalized to protein

concentration for a final value in μg cholesterol/μg protein. Bars represent fraction of

cholesterol with untreated samples as 1 (μg cholesterol/μg protein sample)/(μg cholesterol/

μg protein untreated). Experiments were repeated at least three times in duplicate. Error bars

represent the standard error of the mean. Statistical analyses were performed utilizing

Student's t-test, * = p < 0.05 compared to untreated.
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Figure 6. Lovastatin sensitizes EGFR TKI resistant breast cancer cells to gefitinib

Thirty five thousand cells were plated into 6-well plates and treated for eight days with

lovastatin and/or gefitinib in growth medium (HCC1954, SUM149 and SUM159 cell lines

were treated with 1.0 μM of both lovastatin and gefitinib, while HCC1937, SUM229, and

BT20 cells were treated with 5.0 μM lovastatin and 1.0 μM gefitinib). Cell number was

determined on days 1, 4, and 8 using a coulter counter. Experiments were repeated at least

three times in triplicate and counts were averaged. Error bars represent the standard error of

the mean. Statistical analyses were performed utilizing Student's t-test, * = p < 0.0001

comparing day 8 counts between gefitinib alone or in combination with lovastatin. Sens =

EGFR TKI sensitive cell line and Res = EGFR TKI resistant cell line.
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Figure 7. Lovastatin and gefitinib act synergistically to reduce breast cancer cell viability

Two thousand cells were plated onto 96-well plates and treated for 72 h with varying doses

of gefitinib and lovastatin alone and in combination in growth medium. Absorbance values

were normalized. Non-linear regression (sigmoidal-dose response) curves were generated

and IC50 values were calculated. The IC50 for gefitinib was plotted on the y-axis and the

IC50 for lovastatin was plotted on the x-axis and a line was drawn between the two points.

IC50 values were then calculated for gefitinib in the presence of each dose of lovastatin

tested. These new IC50 values for gefitinib were plotted as a function of the dose of

lovastatin used to calculate the value (triangles). Points that fall on the line represent

additivity, while points that fall below the line represent synergy between the two drugs.

Experiments were repeated at least three times in duplicate. Sens = EGFR TKI sensitive cell

line and Res = EGFR TKI resistant cell line.
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Figure 8. The effects of NB-598 and gefitinib are synergistic

Two thousand cells were plated onto 96-well plates and treated for 72 h with varying doses

of gefitinib and NB-598 alone and in combination in growth medium. Values were

normalized and then plotted. Non-linear regression (sigmoidal-dose response) curves were

generated and IC50 values were calculated. The IC50 for gefitinib was plotted on the y-axis

and the IC50 for NB-598 was plotted on the x-axis and a line was drawn between the two

points. IC50 values were calculated for gefitinib in the presence of each dose of NB-598

tested. These new IC50 values for gefitinib were plotted as a function of the dose of NB-598

used to calculate the value (triangles). Points that fall on the line represent additivity, while

points that fall below the line represent synergy between the two drugs. Experiments were

repeated at least three times in duplicate. Sens = EGFR TKI sensitive cell line and Res =

EGFR TKI resistant cell line.
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Figure 9. Lovastatin inhibits Akt phosphorylation in EGFR TKI resistant cell lines

One million cells were plated and allowed to grow for 48 h. Cells were then treated with 1

μM (SUM149 and SUM159) or 5 μM lovastatin (SUM229) for 72 h (LOV) and/or 1 μM

gefitinib (G) for 1/2 h. Lysates were prepared and separated by SDS-PAGE.

Immunoblotting using EGFR, Akt, MAPK, phospho-Akt, and phospho-MAPK antibodies

was performed as described. Immunoblots are representative of at least three independent

experiments. Sens = EGFR TKI sensitive cell line and Res = EGFR TKI resistant cell line.
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Table 1

Breast cancer cell lines differ in their sensitivity to EGFR TKIs

Viability of breast cancer cell lines in the presence of increasing doses of gefitinib was determined as

described. Sensitive cell lines are those with <10 μM gefitinib IC50, while resistant (bold) cells lines are those

with >10 μM gefitinib IC50.

Cell Line
Gefitinib IC50

(μM)

SUM 102 2.24

SUM 149 6.79

SUM 159 17.91

SUM 229 12.12

SUM 1315 8.30

BT20 13.44

BT549 13.81

SKBR3 1.861

HCC1937 18.24

HCC 1954 9.481

MDA-MB 231 25.08

MDA-MB 468 14.13
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Table 2

Effects of lovastatin and gefitinib are synergistic in EGFR TKI resistant cell lines

The combination index (CI-value) was calculated as follows: (IC50 gefitinib at X dose of lovastatin)/(IC50

gefitinib alone) + (dose of lovastatin)/(IC50 lovastatin alone). P-values were calculated as a difference between

CI-value and one. P-values, calculated by student's t-test, less than 0.05 were considered significant.

Cell Line Lovastatin Dose
Combination Index

(CI-value)
p-value

(compared to 1)

SUM159 0.25 μM 0.659 +/-0.066 0.0262

HCC1937 1.0 μM 0.554 +/-0.069 0.0124

SUM229 1.0 μM 0.331 +/- 0.164 0.0269

BT20 5.0 μM 0.695 +/- 0.065 0.0348
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