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Abstract

We report a novel cyclic-AMP (cAMP) response element (CRE) in the human BCRP promoter 

that is functional in human cancer cell lines of multiple lineages. 8Br-cAMP increased the activity 

of a BCRP promoter reporter construct and BCRP mRNA in human carcinoma cells. Activation of 

the epidermal growth factor receptor (EGFR) pathway also led to an increase in BCRP promoter 

reporter activity and to phosphorylation of the c-AMP response element binding protein (CREB) 

via two major downstream EGFR signaling pathways: the phosphotidylinositol-3-kinase 

(PI3K)/AKT pathway and the mitogen-activated protein kinase (MAPK) pathway. EGF treatment 

increased the phosphorylation of EGFR, AKT, ERK and CREB, while simultaneously enhancing 

BCRP mRNA and functional protein expression. EGF-stimulated CREB phosphorylation and 

BCRP induction were diminished by inhibition of EGFR, PI3K/AKT or RAS/MAPK signaling. 

CREB silencing using RNA interference reduced basal levels of BCRP mRNA and diminished the 
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induction of BCRP by EGF. Chromatin immunoprecipitation assays confirmed that a putative 

CRE site on the BCRP promoter bound phospho-CREB; point mutation of the CRE site abolished 

EGF-induced stimulation of BCRP promoter reporter activity. Furthermore, the CREB co-

activator, cAMP-regulated transcriptional co-activator (CRTC2), is also involved in CREB-

mediated BCRP transcription: androgen depletion of LNCaP human prostate cancer cells 

increased both CREB phosphorylation and CRTC2 nuclear translocation, and enhanced BCRP 

expression. Silencing CREB or CRTC2 reduced basal BCRP expression and BCRP induction 

under androgen-depletion conditions. This novel CRE site plays a central role in mediating BCRP 

gene expression in multiple human cancer cell lines following activation of a variety of signaling 

pathways.

Introduction

Breast cancer resistance protein (BCRP) is a member of the G subfamily of the ATP-binding 

cassette (ABC) superfamily of membrane transporters, and is formally designated ABCG2. 

BCRP functions primarily as a xenobiotic transporter; as such, BCRP may play a role in the 

disposition of many drugs. When BCRP is overexpressed in cancer cells, it can cause or 

contribute to the resistance of these cells to antineoplastic drugs.

Several transcription factors and their respective cis-regulatory elements have been 

identified and characterized in the BCRP promoter (reviewed in [1, 2]). These include a 

hypoxia response element, an estrogen response element, progesterone response element, an 

aryl hydrocarbon response element, and an anti-oxidant response element. The BCRP/Bcrp1 

promoter is complex in both humans and mice. In mice alternative promoter usage is clearly 

observed; alternative promoter usage is likely to occur in humans as well. The human E1b/c 

BCRP promoter corresponds to the mouse Bcrp1 E1B alternative promoter; these alternative 

promoters were previously found to control BCRP/Bcrp1 expression in human and mouse 

intestine, respectively [3]. In this same work, we established that the major alternative 

promoter controlling Bcrp1 expression in mouse intestine – E1B – contains a functional 

cyclic AMP (cAMP) response element (CRE) that binds to phospho-cAMP response 

element binding protein (p-CREB), resulting in enhanced Bcrp1 transcription [3].

The basic leucine zipper transcription factor p-CREB binds to CRE sequences in promoters, 

which leads to an increase or decrease in the transcription of the target genes. Initially, p-

CREB was recognized as a cAMP-driven transcription factor generated by the cAMP-

dependent protein kinase A (PKA) pathway. However, there are other mechanisms which 

augment nuclear levels of p-CREB independent of the cAMP/PKA pathway. CREB 

phosphorylation can also be driven by growth factors such as epidermal growth factor (EGF) 

and fibroblast growth factor (FGF) as a result of their activation of multiple downstream 

signaling pathways such as the phosphotidylinositol-3-kinase (PI3K) pathway and the 

mitogen activated protein kinase (MAPK) pathways, which phosphorylate CREB [4, 5].

EGF enhancement of BCRP expression via either the MAPK pathway or the PI3K/AKT-

dependent pathway was reported previously [6, 7]. The latter study found that AKT-

dependent phosphorylation of membrane EGFR caused EGFR to translocate to the nucleus 

where it interacted with the BCRP promoter to enhance transcription of BCRP in gefitinib-
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resistant cells [7]. However, at present it is not known whether EGF-mediated PI3K/AKT 

activity or MAPK activity can regulate BCRP expression via CREB in human cells.

In addition to transcriptional activation via p-CREB binding to CRE-site, two co-activators 

of p-CREB cAMP-regulated transcriptional co-activator (CRTC2 – also known as 

transducer of regulated CREB activity 2 [TORC2]) and P300/CBP – also enhance CREB 

target gene expression. CRTC2 enhances CREB target gene expression via nuclear 

translocation following its activation by de-phosphorylation [8]. Under basal conditions, 

CRTC2 is sequestered in the cytoplasm, maintained in an inactive phosphorylated state by 

AMP-dependent protein kinase (AMPK) [9]. Inactivation of AMPK results in de-

phosphorylation of CRTC2, which causes it to translocate to the nucleus, where it binds to 

p-CREB and enhances CREB transcriptional activity. CRTC2 nuclear recruitment does not 

appear to modulate CREB DNA binding activity, but rather enhances CREB activity in the 

absence of a cAMP stimulus [10]. CRTC2 nuclear translocation is sufficient to activate 

CRE-dependent transcription; hence CRTC2 also plays an important role in the regulation of 

CREB activity [11].

Although the mouse BCRP promoter harbors a functional CRE, the structural organization 

of the mouse promoter differs significantly from the human promoter, and it is not known 

whether the latter can be regulated by CRE/CREB related pathways in cells of human origin, 

including human cancer cells. In this study, we sought to determine whether the human 

BCRP promoter contains a functional CRE that activates BCRP transcription upon p-CREB 

binding. We also examined in multiple human cancer cell lines whether important cancer-

related signaling pathways that lead to either CREB phosphorylation or CRTC2 nuclear 

translocation can regulate BCRP transcription via this CRE.

Materials and Methods

Materials

8Br-cAMP, PD98059 and LY294002 were purchased from Sigma-Aldrich, Inc. (St. Louis, 

MO). EGF was purchased from Gemini Bioproducts (West Sacramento, CA). ZD1839 

(gefitinib) was purchased from AstraZeneca. Anti-BCRP (BXP-21) and anti-EGFR 

antibodies were obtained from Millipore, Cambridge, MA; anti-p-CREB (Ser-133) and anti-

CRTC2 antibodies were purchased from Santa Cruz Bio Technology (Santa Cruz, CA). The 

anti-p-AKT, p-ERK, and GAPDH antibodies and the horseradish peroxidase labeled 

secondary antibodies were purchased from Cell Signaling Technology (Danvers, MA). 

Fumitremorgin C (FTC) was kindly provided by Dr. Susan Bates of the Medicine Branch, 

National Cancer Institute.

Cell Culture

IGROV1 cells were cultured in RPMI1640 medium (Biosource, Invitrogen, Carlsbad, CA) 

supplemented with 10% fetal bovine serum (FBS, Biosource), 50 units/mL penicillin, and 50 

μg/mL streptomycin. MDAMB468 cells were grown in DMEM/F12 (1:1) media (Biosource) 

supplemented with 10% FBS (Biosource), 50 units/mL penicillin and 50 μg/mL 

streptomycin. LNCaP cells were cultured in either RPMI1640 medium (Biosource) 
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supplemented with 10% FBS (Biosource), 50 units/mL penicillin, and 50 μg/mL 

streptomycin, or in androgen-deprived media i.e. phenol red-free RPMI1640 medium 

(Biosource) supplemented with 10% charcoal stripped FBS (CSS, Gemini, West 

Sacramento, CA), 50 units/mL penicillin and 50 μg/mL streptomycin. Cultures treated with 

EGF were starved for at least 3 hours in serum-free medium (SFM) because this eliminates 

the background effect of endogenous EGF that may be present in the serum, in order to 

optimize the effects of endogenously added EGF.

RNA preparation and Quantitative RT-PCR (qPCR)

Cells were plated at low density (3×105/per well) in 60 mm petri dishes. After overnight 

starvation in SFM, the cells were treated with or without EGF at a concentration of 50 

ng/mL in SFM for 6 hours. Total mRNA was then extracted using Trizol (Life Technology, 

Carlsbad, CA) and isolated with RNA mini-prep columns (Qiagen, Valencia, CA). The 

mRNA was reverse transcribed to cDNA with M-MLV reverse transcriptase (Roche 

Diagnostics, Basel, Switzerland). 10-100 ng of the reverse-transcribed cDNA was then 

PCR-amplified in real-time with IQ SYBR green mix (Bio-Rad, Hercules, CA) using the 

MyiQ Single-Color Real-Time PCR Detection System (Bio-Rad). Each reaction was 

performed in duplicate. Total BCRP, CREB and CRTC2 mRNA were amplified using 

appropriate primers and normalized with β-actin mRNA. The sequences of BCRP and β-

actin primers were described previously [12]. The sequences of CREB and CRTC2 primers 

used for qPCR are provided in Table 1.

Western Blot Analysis

1 × 105 cells/mL were cultured in 60 mm plates. Following overnight starvation in SFM, 

some plates were treated with EGF (50 ng/mL) and others with vehicle for 24 hours, then 

lysed in radioimmune precipitation buffer (RIPA buffer: 50 mM Tris–HCl, pH 7.4; 1% 

NP-40; 0.25% sodium deoxycholate; 150 mM NaCl; 1 mM EDTA; 1× protease inhibitor 

cocktail and 1× phosphatase inhibitor cocktail (EMD, Millipore) for 30 min on ice with 

occasional vortexing. The clarified lysates were separated by 4-12% SDS-polyacrylamide 

gel electrophoresis, transferred onto polyvinylidene difluoride membranes, and analyzed by 

Western blotting with primary antibodies against BCRP, p-AKT, p-ERK, p-CREB, p-EGFR 

and GAPDH, respectively (see “Materials” for source). The bands were visualized by 

enhanced chemiluminescence (GE Healthcare Bio-Sciences Corp., Piscataway, NJ) and 

quantified by densitometric analysis (Visionworks LS image acquisition and analysis 

software, UVP, Upland, CA).

Isolation of nuclear and cytosolic fractions

LNCaP cells were seeded in 60 mm dishes and cultured with 10% FBS or CSS, respectively, 

for 7 days. Nuclear extracts from the cells were prepared using the NE-PER extraction kit 

(Pierce Thermo Scientific Inc., Rockford, IL) and protein was quantified using the BCA 

assay kit (Pierce Thermo Scientific Inc.).
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Cytotoxicity Assay

Cytotoxicity was assessed by the method of Vichai and Kirtikara [13]. Briefly, IGROV1 

cells were plated in 96-well plates at a density of 1 × 104 cells/well and cultivated in SFM 

overnight. Sensitivity to mitoxantrone was measured in four different groups: untreated 

(control), 10 μM FTC, (a specific inhibitor of BCRP), 10 ng/mL EGF, or 10 ng/mL EGF 

plus 10 μM FTC. Following incubation of these groups for 24 hours in complete medium, 

cells in each group were continuously exposed to the indicated concentrations of 

mitoxantrone for 2 days. Then, cells were stained with 0.02% sulforhodamine B (SRB, 

Sigma-Aldrich, Milwaukee, WI) according to the SRB assay protocol [13].

Reporter gene assay

Cells were seeded in 24-well plates at a density of 5 × 104 cells/well and grown in complete 

growth media for 6 hours. The pGL4/1285 reporter construct containing the BCRP promoter 

(-1285/+362) upstream of firefly luciferase, the pGL4/1285Mut construct containing a 

mutated CRE site in the BCRP promoter, the pGL4-Basic empty vector (negative control), 

and an internal control vector pRL-TK (Promega, Madison, WI) which expresses Renilla 

luciferase, were used for various co-transfection experiments using the X-tremeGENE HP 

DNA transfection reagent (Roche Diagnostics). Following transfection, the cells were 

cultured for an additional 48 h in complete medium, then starved overnight in SFM followed 

by treatment with EGF (50 ng/mL) or 8Br-cAMP (2 mM) for 6 hours. Cells were lysed in 

passive lysing buffer (Promega) and dual luciferase assay performed. Luminescence was 

quantified in a TD-20/20 luminometer (Turner Designs, Inc., Sunnyvale, CA). Results are 

expressed as the ratio of firefly luciferase luminescence in the BCRP promoter construct 

relative to the Renilla luciferase luminescence in the internal control.

Identification of a CRE in the BCRP promoter and CRE site mutation

The BCRP genomic sequence spanning -668 to +529 bps around the E1b/c human promoter 

was interrogated for CREB binding sites (CRE) using the Matinspector promoter/

transcription factor scan program [14, 15].

Point mutation within the CRE site was obtained using the QuickChange Site-Directed 

Mutagenesis Kit (Agilent Technologies Inc., Santa Clara, CA), performed according to the 

manufacturer's instructions. The sequences of the primers used in making the point mutation 

are provided in Table 1.

Chromatin immunoprecipitation (ChiP) assay

IGROV1 cells were cultured in 100 mm dishes at a density of 1×106 cells/per well. After 

starvation overnight in SFM, cells were stimulated with 50 nM EGF for 60 min then 

subjected to ChiP assay as per the manufacturer's instructions (Millipore, Temecula, CA). 

Briefly, cells were cross-linked with 1% formaldehyde for 10 min at room temperature. 

Cells were then harvested in sodium dodecyl sulfate lysis buffer and the DNA sheared to 

200–1000 base pairs by sonication. The sonicated cell lysates were pre-cleared with salmon 

sperm DNA blocked protein A agarose beads (Millipore). Immunoprecipitation of protein-

DNA complexes was performed on the pre-cleared lysates with anti-rabbit p-CREB 

antibody. Simultaneously, pre-cleared lysates were also immunoprecipitated with rabbit IgG 
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(Cell Signaling Technology) as control for potential non-specific co-immunoprecipitations. 

The bound DNA was de-crosslinked with high salt and the purified DNA was quantified by 

real time PCR using promoter-specific primers for the CRE site in the BCRP promoter. The 

sequences of the primers used for real time PCR are given in Table 1. Results are expressed 

as percentage of immunoprecipitated p-CREB-DNA to total DNA input (input).

RNA interference

CREB or CRTC2 mRNA interference was performed using pre-designed CREB or CRTC2 

siRNA (final concentration 10 nM, Ambion, Austin, TX) or non-specific siRNA (10 nM, 

negative control, Ambion). Briefly, cells were seeded in 60 mm Petri dishes and transfected 

with siRNA using HiPerfect reagent (Qiagen) according to the manufacturer's protocol. 

After 24 hours of incubation, the cells were transferred to new 60 mm dishes at a cell 

density of 3 × 105 cells/well, and incubated for another 24 hours. After overnight starvation 

in SFM, the cells were treated with EGF (50 ng/mL) or vehicle for the designated times 

before cell harvest. In experiments with LNCaP cells, the cells were incubated in either 10% 

FBS medium or 10% CSS medium for the indicated number of days after transfection, then 

harvested for analysis.

Statistical methods

Student's t-test was used for statistical comparisons (as detailed in the figure and table 

legends).

Results

In silico prediction of CREB binding sites in the BCRP promoter

Matinspector identified several putative CREB response elements (CREs) within the BCRP 

genomic sequence spanning -668 to +529 bps in the human E1b/c promoter (Figure 1). Two 

CREB binding sites with matrix similarity >0.8 were identified in this region located at bps 

-329 and -123 relative to the published transcriptional start site [16]. The matrix similarity 

for each CRE is given in Figure 1.

Effects of 8Br-cAMP on BCRP expression

To establish whether CREB is involved in regulation of human BCRP expression, the effects 

of the PKA pathway activator 8-Br cAMP were measured in cells transfected with a 

luciferase reporter construct (pGL4/1285) containing the BCRP promoter region (-1285 to 

+362). Treatment with 8-Br cAMP significantly (P<0.05) increased the luciferase reporter 

activity of the pGL4/1285 transfected cells in human ovarian carcinoma IGROV1 cells 

(Figure 2A) and breast carcinoma MDAMB468 cells (Figure 2B). BCRP mRNA levels also 

increased 2-fold in IGROV1 cells following 8Br-cAMP treatment (Figure 2C) for 6 hours.

Effects of EGF on CREB phosphorylation and BCRP mRNA and protein expression in 
IGROV1 and MDAMB468 cells

The two major downstream pathways of EGFR signaling – MAPK and PI3K – ultimately 

can lead to CREB phosphorylation [17-20]. We examined the phosphorylation state of 
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several downstream proteins following treatment of IGROV1 cells for up to 24 hours or 

MDAMB468 cells for up to 6 hours with EGF (50 ng/mL). EGF induced EGFR, CREB, 

AKT, and ERK phosphorylation starting at 30 minutes. Maximal phosphorylation of CREB 

occurred at 30 minutes, and of EGFR between 30 minutes and 3 hours, while elevated p-

AKT and p-ERK levels were sustained for at least 6 hours following treatment with EGF in 

both IGROV1 (Figure 3A) and MDAMB468 cells (Figure 3B). The findings in each cell line 

are consistent with previous observations that EGF induces CREB phosphorylation via 

either the AKT or ERK pathways [4, 5]. Interestingly, EGF treatment resulted in EGFR 

degradation in IGROV1 cells, but not in MDAMB468 cells, as was reported previously [21, 

22].

Treatment of pGL4/1285-transfected MDAMB468 and IGROV1 cells with EGF resulted in 

increased luciferase activity (p<0.05) in both cell lines (Figures 3C, D). The EGF-induced 

BCRP promoter activity in these cell lines correlated with enhanced BCRP mRNA and 

protein expression in these cells, as shown in Figures 3E-H.

EGF reduces cellular sensitivity to mitoxantrone in IGROV1 cells

To determine whether the EGF-induced BCRP protein is functional, the sensitivity of 

IGROV1 cells to the cytotoxic BCRP-substrate drug mitoxantrone was measured. 

Mitoxantrone caused a dose-dependent decrease in survival (Figure 4, -EGF/-FTC group); 

however, cell survival was significantly higher (P<0.01) in the EGF-treated group (+EGF/-

FTC) compared to the non-EGF treated control group at mitoxantrone concentrations of 0.1, 

0.3, and 1 μM (Figure 4). Furthermore, this EGF-induced resistance to mitoxantrone 

cytotoxicity was reduced in the presence of FTC, a specific inhibitor of the BCRP 

transporter (Figure 4, +EGF/+FTC group, 0.3 μM mitoxantrone, P=0.037), suggesting that 

BCRP is contributing to the mitoxantrone resistance observed in the EGF-treated cells.

Effect of EGFR and its downstream pathways on EGF-induced BCRP transcription

There are two major signaling pathways downstream of EGFR: RAS/MAPK and PI3K/AKT 

[23]. To identify which signaling pathways are involved in EGF-induced BCRP gene 

transcription, cells transfected with pGL4/1285 or basic pGL4 vector were pre-treated with 

selective inhibitors of EGFR (ZD1839), PI3K (LY294002), or MEK (PD98059) prior to 

exposure to EGF (50 ng/mL, 6 hours). Cells were lysed and reporter activities determined. 

All of the inhibitors reduced the pGL4/1285 reporter activity to that approximating the 

activity in IGROV1 cells without EGF stimulation (Figure 5A), suggesting that both 

pathways downstream of EGFR contribute to EGF-mediated BCRP transcriptional 

regulation.

Similar effects of these inhibitors were observed with respect to BCRP mRNA expression; 

the 3-fold induction of BCRP mRNA by EGF was completely abolished after inhibition of 

EGFR or either of its downstream pathways (Figure 5B). Further, inhibition of EGFR by 

ZD1839 or PI3K by LY294002 or MAPK by PD98059 significantly reduced EGF-induced 

CREB phosphorylation in IGROV1 cells after 30 minutes of drug exposure (Figure 5C). 

However, inhibiting both PI3K/AKT and MAPK pathways did not completely abolish EGF-

induced CREB phosphorylation (Figure 5C), suggesting that other EGF-dependent 
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mechanisms may also be involved in the generation of p-CREB. Taken together, these data 

demonstrate that EGF can regulate BCRP by phosphorylating CREB via the PI3K and 

MAPK pathways.

CREB knockdown diminishes constitutive BCRP mRNA expression and abolishes EGF-
induced BCRP mRNA expression in IGROV1 cells

To confirm further the role of p-CREB in the regulation of BCRP mRNA expression by 

EGF, CREB silencing was performed using CREB-specific siRNA. IGROV1 cells were 

transfected with either negative control siRNA (NC) or CREB siRNA. After 48 hours, cells 

were starved in SFM for 3 hours, and then treated with EGF or vehicle for 16 hours before 

cell harvest. CREB mRNA levels decreased by approximately two-thirds in the CREB 

siRNA-transfected IGROV1 cells when compared to NC siRNA transfected cells (Figure 

6A). CREB silencing significantly reduced the basal BCRP mRNA expression in IGROV1 

cells compared to control siRNA transfected cells, and completely abolished the EGF-

stimulated enhancement of BCRP mRNA expression seen in the control siRNA transfected 

cells (Figure 6B). Protein analysis confirmed that CREB protein was reduced by CREB 

siRNA (Figure 6C). Although EGF induced CREB phosphorylation in both CREB silenced 

or CREB non-silenced cells, the induction of CREB phosphorylation was much lower in 

CREB silenced cells under stimulation with EGF for 30 min (Figure 6C). Interestingly, the 

total BCRP protein level did not change significantly between the CREB silenced and the 

non-silenced cells (data not shown); this in part could be due to the relatively long half-life 

of BCRP of approximately 39 hours [24].

The CRE site at -329 binds to p-CREB, and is critical to EGF-induced BCRP mRNA 
expression

Amongst the CREB binding sites identified by Matinspector, the -329 site had the highest 

matrix similarity (Figure 1). Hence, a point mutation of this putative CRE was made in the 

-1285/+362 BCRP promoter construct (designated pGL4/1285Mut). IGROV1 cells were 

then transfected and reporter assays carried out in the absence or presence of EGF (50 

ng/mL, 6 hours). Interestingly, upon transfection the pGL4/1285Mut construct demonstrated 

higher basal reporter activity than the parental pGL4/1285 construct. Although the basis for 

this is presently not clear, importantly EGF treatment did not induce a further increase in 

pGL4/1285Mut reporter gene activity in contrast to the wild-type pGL4/1285 vector (Figure 

7A), underscoring the relevance of this CRE site in EGF-mediated regulation of BCRP 

expression.

To determine whether direct interaction exists between p-CREB and the CRE-site in the 

BCRP promoter, ChiP assays were performed in IGROV1 cells in the presence or absence 

of EGF. EGF treatment significantly increased p-CREB binding to the BCRP promoter -329 

CRE site compared to no EGF treatment or to IgG isotype control immunoprecipitations 

(Figure 7B), strengthening the notion of a direct interaction of p-CREB (Ser-133) with the 

BCRP promoter.
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Androgen deprivation in LNCaP human prostate cancer cells enhances AKT and CREB 
phosphorylation, nuclear translocation of CRTC2, and BCRP transcription

In prostate cancer, androgen deprivation therapy usually produces initial tumor regression; 

however, with time the cancer usually recurs despite hormone withdrawal. It has been 

shown recently that androgen deprivation induces the phosphorylation of AKT [25]. 

Therefore, we sought to determine whether androgen deprivation would also induce CREB 

phosphorylation and subsequently BCRP up-regulation via the AKT pathway in prostate 

cancer cells. Androgen deprivation can also result in down-regulation of Ca2+/calmodulin-

dependent protein kinase kinase 2 (CaMKK2), the upstream activating kinase for AMPK 

[26, 27]. Because p-AMPK is required for phosphorylation and hence cytoplasmic 

sequestration of the CREB co-activator CRTC2, we postulated that dephosphorylation and 

nuclear translocation of CRTC2 should also occur under androgen-depleted conditions.

To test our hypothesis, we carried out studies with human LNCaP prostate cancer cells, 

which express androgen receptor and are sensitive to androgens. LNCaP cells were cultured 

in ‘normal’ medium (RPMI1640 + 10% FBS) or androgen-depleted medium (phenol red-

free RPMI1640 + 10% CSS) for 7 days, and then p-AKT, p-CREB and BCRP protein levels 

determined by Western blot. Figure 8A shows that p-AKT, p-CREB and BCRP increase 

approximately 2-fold when LNCaP cells are cultured in CSS-containing medium. Androgen-

depleted conditions also enhance BCRP mRNA expression in the LNCaP cells (Figure 8B).

To test whether androgen deprivation increases CRTC2 nuclear translocation, nuclei were 

isolated after LNCaP cells were cultured in CSS medium for 7 days. It is apparent that this 

treatment results in a two-fold increase in CRTC2 nuclear content (Figure 8C).

Treatment of LNCaP cells with CREB or CRTC2 siRNA decreases the expression of the 

respective mRNAs in the LNCaP cells (Figures 8D, 8E). These siRNAs also decrease the 

expression of BCRP mRNA in LNCaP cells under both ‘normal’ growth conditions (FBS 

media) as well as androgen-deprived conditions (CSS media) (Figure 8F). No further 

decrease in BCRP mRNA expression was noted in cultures treated with siRNA to both 

CREB and CRTC2 (data not shown). CREB and CRTC2 siRNA also decreased the 

respective protein levels of CREB and CRTC2 in the LNCaP cells, which in parallel are 

associated with a decrease in BCRP protein levels by 50-60% compared to NC siRNA 

transfected cells (Figure 8G). Taken together, these data demonstrate that both CREB and 

CRTC2 are involved in modulating BCRP gene expression in LNCaP cells.

Discussion

We have previously demonstrated that CREB can modulate BCRP expression via a CRE site 

within the Bcrp1 promoter in the mouse intestine. While the structural organization of the 

mouse and human BCRP promoters are different [16, 28], in the present study we have now 

also identified CRE sites within the human BCRP promoter, and show that at least one of 

these sites binds to p-CREB and contributes to the complex transcriptional regulation of 

BCRP in several cancer cell lines of different lineages, including ovarian, breast, and 

prostate cancers. We show that a commonly dysregulated growth factor in human cancers – 

EGF – can regulate BCRP expression via phosphorylation of CREB; furthermore, androgen 
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withdrawal in hormone sensitive LNCaP prostate cancer cells increases their content of p-

CREB and nuclear content of the CREB co-activator CRCT2.

Although CREB was originally reported to be activated via the PKA pathway, CREB is now 

known to be regulated by a variety of extracellular signals, including growth factors, 

osmotic stress and ultraviolet irradiation [17, 29-33]. For example, EGF activates EGFR and 

its two major downstream signaling pathways, PI3K and MAPK, resulting in CREB 

phosphorylation [4, 17]. Our data show that inhibition of EGFR activity by ZD1839 

abolished EGF-induced CREB phosphorylation. In addition, inhibition of either the PI3K or 

the MAPK pathway abolished EGF-induced CREB phosphorylation, as well as EGF-

induced BCRP expression. These data demonstrate that the EGF-EGFR axis can regulate 

CREB phosphorylation and subsequent BCRP expression via its two major downstream 

signaling pathways, PI3K and MAPK, in human cancer cells. Given BCRP's role as a 

transporter of xenobiotics and anti-neoplastic drugs, modulation of its expression by a 

frequently dysregulated growth promoting pathway such as EGFR in a number of human 

cancers would not only provide a growth advantage but also potentially make the cancer 

cells resistant to certain cytotoxic agents. Targeting EGFR and/or its downstream signaling 

axis, including under conditions where BCRP has also been recruited, could be particularly 

useful in rendering the cancer cells more susceptible cytotoxic therapies.

EGFR, which is frequently overexpressed or activated in cancer cells, plays a critical role in 

cell survival, growth, maintenance, and function [34, 35]. Inhibitors of EGFR tyrosine 

kinase activity such as gefitinib and erlotinib (which are also substrates for BCRP) have 

been used clinically as a treatment for non-small-cell lung cancer, pancreatic cancer, breast 

cancer, colon cancer and other cancers that are associated with EGFR up regulation. 

Unfortunately, cancers that initially respond to EGFR-targeted chemotherapy frequently 

develop resistance to the therapy [36], which often involves autonomous activation of the 

PI3K/AKT or MAPK pathway. Understanding the mechanisms by which EGFR and its two 

major downstream pathways affect BCRP expression via p-CREB may aid in developing 

novel strategies for treatment of acquired or innate resistance. EGFR mutations are 

frequently associated with drug resistance, often occurring concomitantly with PI3K 

mutations [37]. The PI3K/AKT signaling cascade is frequently dysregulated in many human 

malignancies, including pancreatic, colon, ovarian and breast cancers [38]. Up-regulation of 

the PI3K pathway in relation to multidrug resistance has been described in some tumors, 

especially in acquired drug resistance to tyrosine kinase inhibitors (TKIs, e.g., gefitinib) 

[39]. Inactivation of AKT prevented TKI-induced up-regulation of BCRP [23]. These 

observations further support the notion that both EGFR and its downstream signaling 

PI3K/AKT pathway are involved with the induction of BCRP expression.

Previously, our laboratory observed the involvement of the PI3K pathway alone in 

maintaining BCRP expression in human K562 chronic myelogenous leukemia cells [40]. 

PI3K/AKT-dependent BCRP up-regulation was also reported by Huang et. al.; however, this 

study demonstrated that PI3K/AKT activation caused EGFR to be translocated to the 

nucleus, where it bound to an EGFR DNA binding site on the BCRP promoter, revealing a 

novel role for EGFR as a transcription factor [7]. Although relatively rare, mutations in the 

MAPK pathway (e.g. BRAF) were also observed in cells resistant to EGFR inhibitors by 
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Ohashi and co-workers [41], suggesting that the MAPK pathway may also be involved in 

the induction of drug resistance involving BCRP. Thus, current evidence suggests that the 

EGFR/PI3K/AKT/CREB and EGFR/MAPK/CREB pathways may mediate BCRP 

expression and hence may be involved in acquired drug resistance.

As a transcription factor, CREB signaling is implicated in tumor progression. CREB is 

overexpressed and constitutively phosphorylated in a number of forms of human cancer 

including prostate cancer (see [42] for review). An increase in p-CREB has been observed in 

bone metastases obtained from patients with prostate cancer [43]. Prostate cancer patients 

may experience recurrent tumors after irradiation treatment or hormone deprivation 

treatment. It was reported that prostate cancer cells that survived irradiation treatment had an 

increased nuclear content of CREB [44]. In our current study, we observed that androgen 

withdrawal enhanced CREB phosphorylation and the nuclear content of the CREB co-

activator CRTC2, associated with enhanced expression of BCRP, strengthening the notion 

that CREB and its co-activator may regulate BCRP expression, and that CREB may be a 

promising cancer chemotherapeutic target [42].

Androgen deprivation therapy such as orchiectomy and/or luteinizing hormone-releasing 

agonists is currently the mainstay of treating not only metastatic prostate cancer but also 

locally advanced and recurrent prostate cancers [45]. Our findings demonstrate that 

androgen withdrawal can up-regulate BCRP in the androgen-sensitive human prostate 

cancer cell line LNCaP. This in part occurs through enhanced phosphorylation of CREB. In 

addition, another underlying mechanism appears to be androgen withdrawal-dependent 

translocation of the CREB co-activator CRTC2 from the cytoplasm to the nucleus. CRTC2 

is a downstream target of AMP-dependent protein kinase (AMPK) and the phosphorylation 

of CRTC2 by AMPK and AMPK-related kinases, salt-inducible-kinase-1 (SIK-1) and -2, 

promotes CRTC2 binding to 14-3-3 proteins in the cytoplasm and prevents the translocation 

of CRTC2 to the nucleus, thereby reducing CREB-dependent mRNA expression [9]. 

Hormone deprivation is known to inactivate CaMKK2, the upstream kinase of AMPK, 

which results in inactivation of AMPK [26, 27]. However, it has not been reported 

previously that androgen deprivation can decrease CRTC2 phosphorylation as a 

consequence of AMPK inactivation. Hence, our demonstration that an increase in CRTC2 

nuclear translocation occurs in LNCaP cells cultured for 7 days in hormone-depleted 

medium is novel, and supports the notion that androgen deprivation decreases CRTC2 

phosphorylation. Furthermore, either CREB or CRTC2 silencing reduces BCRP expression 

in LNCaP cells deprived of androgens. Thus, BCRP expression appears to be at least in part 

under the regulation of CREB, as well as the CREB co-activator CRTC2, in prostate cancer 

cells. This finding is of particular interest with regard to androgen deprivation therapy: 

recruitment of BCRP upon androgen withdrawal could potentially render the prostate cancer 

cells undergoing androgen deprivation relatively resistant to further therapies. Further, 

although highly effective initially, androgen deprivation therapy fails in most patients, 

particularly those maintained on androgen deprivation for long periods of time, resulting in 

castration resistant prostate cancer (CRPC). Castration resistance can lead to a relatively 

chemotherapy-resistant state, and can be associated with enhanced expression of anti-

apoptotic proteins such as Bcl-2 [46]. It will also be of interest to determine the rate of 
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expression and role of BCRP in patients undergoing long term androgen deprivation therapy 

and among those who develop CRPC.

In conclusion, our study demonstrates for the first time that the human BCRP promoter 

region contains a functional CRE-site that can integrate diverse signals such as those 

triggered by growth factors like EGF in ovarian and breast cancers, or withdrawal of 

androgens in prostate cancer, to regulate BCRP promoter activity. These results reveal a 

novel mechanism of BCRP regulation and emphasize that signaling pathways that ultimately 

result in CREB phosphorylation or nuclear translocation of its co-activator may be 

responsible for inducing BCRP expression in human cancer cells. Enhanced BCRP 

expression under such conditions may help protect the cancer cells from xenobiotics and 

cytotoxic agents, and contribute to innate or acquired resistance to anti-tumor therapies 

ranging from cytotoxic agents to androgen deprivation therapy.
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Highlights

• A novel cyclic AMP response element (CRE) in the BCRP promoter binds p-

CREB

• This CRE plays a central role in stimulating BCRP transcription

• EGFR signaling enhances BCRP transcription via this CRE

• Androgen withdrawal in prostate cancer cells increases p-CREB and nuclear 

CRTC2

• Androgen withdrawal in prostate cancer cells activates BCRP transcription
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Figure 1. 
Putative cAMP-response elements (CRE) in the BCRP/ABCG2 promoter, identified by the 

MatInspector program. The “matrix similarity” (MS) for each site is indicated in the figure. 

Matrix similarity is a measure of goodness of fit of the putative response element identified 

with a known functional response element. A perfect fit has an MS of 1.0; MS scores >0.8 

are considered to indicate good matches.
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Figure 2. 
Effects of the c-AMP analogue 8Br-cAMP on BCRP promoter activity and BCRP mRNA 

expression. Cells were cultured in 24-well plates and transfected with pGL4 empty vector or 

pGL4/1285, a reporter construct containing the promoter region (-1285/+362) of BCRP, 

respectively. After culture overnight in SFM, cells were treated with 8Br-cAMP (2 mM, 

final concentration) for 6 hours, then luciferase activity was determined for IGROV1 cells 

(A) and MDAMB468 cells (B). IGROV1 cells were treated with 2 mM 8Br-cAMP for 6 

hours after culture overnight in SFM, then total RNA was isolated and BCRP mRNA 

expression was determined by real time qPCR (C). Results represent the means ± S.D. from 

three separate experiments, each done with triplicate determinations per data point. *, 

significantly (P<0.05) different vs. untreated, Student's t-test.
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Figure 3. 
Effects of EGF on pathways downstream of EGFR, CREB activation, and on BCRP 

promoter activity, mRNA and protein expression. A, B. Time-course of phosphorylated and 

unphosphorylated EGFR, AKT, ERK and CREB following EGF treatment (see Methods) in 

IGROV1 human ovarian carcinoma cells (A) and MDAMB468 human breast carcinoma 
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cells (B) determined by Western blotting as described in “Methods.” C, D. The numbers on 

the left of the blot reflect the molecular size of marker proteins (kDa). Effects of EGF on 

activity of a BCRP promoter reporter construct transfected into human carcinoma cells. 

Cells were cultured, transfected with reporter constructs and exposed to EGF as described in 

Methods, then reporter activities were determined for IGROV1 ovarian (C) and 

MDAMB468 breast cancer cells (D). E, F. Effects of EGF on BCRP mRNA expression in 

human carcinoma cells. IGROV1 or MDAMB468 cells were treated with and without EGF 

as described in Methods, then total RNA was isolated and BCRP mRNA expression was 

were determined by real time qPCR for IGROV1 (E) and MDAMB468 cells (F). G, H. 

Effects of EGF on BCRP protein expression in human carcinoma cells. Cells were exposed 

to EGF as described in Methods, then harvested and BCRP expression was determined by 

Western blot in IGROV1 (G) and MDAMB468 cells (H). Western blots for GAPDH were 

used as a loading control. The data shown represent the mean and standard deviation of 3 

different experiments, done on different days. Each individual assay was run in duplicate. *, 

significantly (P<0.05) different vs. untreated by student's t-test. Western blots shown 

represent one of three independent blots done on different days, with similar results 

obtained.
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Figure 4. 
Effects of EGF on cellular sensitivity to mitoxantrone in IGROV1 cells. IGROV1 cells were 

plated at 2 × 104 cells/mL in 96-well plates in complete medium. Following starvation 

overnight in SFM, the cells were divided to four different groups: untreated (control), 

Fumitremorgin C (FTC, 10 μM, a specific inhibitor of BCRP), EGF (10 ng/mL), or EGF (10 

ng/mL) plus FTC (10 μM). After 24 hours of EGF treatment, cells in each treatment group 

were continuously exposed to the indicated concentrations of mitoxantrone for 48 hours, 

after which survival was assessed by staining with SRB as described in Materials and 

Methods. Results are expressed as percent survival compared to cultures without 

mitoxantrone, presented as the mean of six individual values ± SD. *: Significantly different 

compared to no FTC by student's t-test, P=0.037; **: Significantly different compared to no 

EGF by Student's t-test, P<0.01.
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Figure 5. 
Effects of EGFR pathway inhibitors on EGF-induced human BCRP or p-CREB expression 

in IGROV1 cells. A. Effects of EGFR pathway inhibitors on EGF-induced BCRP promoter 

activity. Cells were transfected with pGL4 or pGL4/1285 respectively. After 24-hours of 

culture in complete medium, then overnight starvation in SFM, cells were pretreated with 

the EGFR selective inhibitor ZD1839 (10 μM), the PI3K inhibitor LY294002 (15 μM), or 

the MEK inhibitor PD98059 (30 μM) respectively for 1 hour, followed by treatment with 

EGF (50 ng/mL) for 6 hours. Then, BCRP promoter reporter gene activities were 

determined by measuring luciferase luminescence as described in Methods. B. Effects of 

EGFR pathway inhibitors on EGF-induced BCRP mRNA expression. Following treatment 

with EGF and inhibitors as described for (A) above, total mRNA was isolated and BCRP 

mRNA expression were determined by real-time qPCR and normalized for the expression of 

β-actin mRNA (B). Results shown in A and B represent the means ± S.D. from duplicate 

measurements and three independent experiments for promoter activity and mRNA, 

respectively. *, significantly (P<0.05) different vs. untreated by student's t-test. C. Effects of 

EGFR pathway inhibitors on EGF-induced p-CREB expression. Following treatment with 

inhibitors as described for (A) above, then 30 min treatment with EGF (50 ng/mL), the 

expression of p-CREB, CREB, and GAPDH (done as loading control) was determined by 

Western blot. Bands represent results typical for three independent experiments, done on 

different days.
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Figure 6. 
Effects of CREB silencing on CREB mRNA expression (A), BCRP mRNA expression (B) 

and CREB and p-CREB protein expression (C) in IGROV1 cells. Cells were transfected 

with CREB siRNA or negative control siRNA under culture conditions as described in 

Materials and Methods, followed by treatment with or without EGF (50 ng/mL) for 12 

hours. CREB mRNA expression (A) and BCRP mRNA expression (B) were determined by 

real-time qPCR and normalized for the expression of β-actin mRNA. Expression of p-CREB 

and CREB protein was determined by Western blot following transfection with CREB 

siRNA or negative control (NC) siRNA in the presence or absence of EGF treatment (50 

ng/mL) for 30 minutes. An immunoblot for GAPDH is used as loading control.
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Figure 7. 
Validation of the putative CRE site at -329 in the BCRP promoter. A. IGROV1 cells were 

cultured in 24-well plates and transfected with pGL4 empty vector or pGL4/1285 or a 

construct containing a point mutation of the CRE located at BP -329 (pGL4/1285Mut). After 

48 hours, cells were transferred to SFM for 3 hours then treated overnight with EGF (50 ng/

mL). Reporter gene activities were determined in cell lysate. B. ChiP analysis of p-CREB 

interaction with the CRE located at -329 in the BCRP promoter was performed in IGROV1 

cells in the presence or absence of EGF (50 ng/mL) for 1 hour. A ChiP assay with IgG 

isotype control was also performed to exclude non-specific interactions. The data shown are 

the mean and standard deviation of 3 different experiments, done on different days. Each 

individual assay was run in duplicate. *, significantly different (P< 0.05) compared to no 

EGF control group.
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Figure 8. 
Effects of CREB and the CREB co-activator CRTC2 on BCRP mRNA and protein 

expression in human LNCaP prostate cancer cells. (A) p-AKT, p-CREB and BCRP protein 

expression in LNCaP cells cultured in medium containing either 10% FBS or 10% charcoal 

stripped (CSS) medium for 7 days, as determined by Western blot. A Western blot for actin 

is used as loading control. (B) BCRP mRNA expression in LNCaP or LNCaP/CSS cells 

(LNCaP cells were cultured in medium containing 10% CSS for 7 days) as measured by real 

time qPCR, normalized for expression of β-actin mRNA. (C) Distribution of CRTC2 

between cytosol and nucleus analyzed by Western blot, as described in Methods. (D-F) 

Effects of CREB or CRTC2 silencing on CREB, CRTC2 and BCRP mRNA expression in 

LNCaP cells. Twenty four hours after transfection of LNCaP cells with CREB siRNA, 

CRTC2 siRNA, or negative control siRNA were cultured in medium containing 10% FBS or 

10% CSS respectively for 7 days, then total RNA was isolated and mRNA expression was 

determined by real-time qPCR for CREB (D), CRTC2 (E) or BCRP (F); the mRNA 
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expression data shown were normalized for the mRNA expression by the normal control 

(NC) siRNA transfected cells, which was given a value of 1.0. The data shown are the mean 

and standard deviation of 3 different experiments, done on different days. Each individual 

assay was run in duplicate. *, P< 0.05 compared to untreated control group. a, P< 0.05 

compared to negative control siRNA transfected FBS group. b, P< 0.05 compared to control 

siRNA transfected CSS group. (G) Effects of CREB or CRTC2 silencing on BCRP protein 

expression in LNCaP cells. LNCaP cells in complete medium were transfected with CREB 

siRNA or CRTC2 siRNA, or negative control siRNA as described in Materials and 

Methods; after 72 hours, cells were lysed in RIPA buffer and CREB, CRTC2 and BCRP 

protein expression was determined by Western blot. A Western blot for actin is used as 

loading control. The Western blot results shown are representative of the results of three 

independent replicate experiments, done on different days.
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Figure 9. 
Schematic of how p-CREB acts as a common downstream effector for multiple signaling 

pathways that regulate BCRP mRNA expression Xie, et.al.
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Table 1

Point mutant primers

Sense 5′- CGGCGCTCCGGCCAGTGAAAGCGACCAAACCC -3′

Antisense 5′- GGGTTTGGTCGCTTTCACTGGCCGGAGCGCCG -3′

ChiP assay of CRE-site primers for qPCR (amplifies BP –504 to –403 of the BCRP promoter)

Forward 5′-CCCTTTCCTTCCTTGGGTTA-3′

Reverse 5′-AAATGGGTGGTTTCTGGTGA-3′

CREB primers for qPCR:

Forward: 5′-AAGCGGAGTGTTGGTGAGTG-3′

Reverse: 5′-GCTCCTCCGTCACTGCTTTC-3′;

CRTC2 primers for qPCR:

Forward: 5′- TCAGAGCCTGTTGGAAAGCA-3′

Reverse: 5′-CAAGGGGAAGAGTGGTGAGG-3′
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