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Abstract

Introduction—The breast cancer resistance protein (BCRP/ABCG2) is an efflux transporter in 

the placental barrier. By transporting chemicals from the fetal to the maternal circulation, BCRP 

limits fetal exposure to a range of drugs, toxicants, and endobiotics such as bile acids and 

hormones. The purpose of the present studies was to 1) determine whether BCRP localizes to 

highly-ordered, cholesterol-rich lipid raft microdomains in placenta microvillous membranes, and 

2) determine the impact of cholesterol on BCRP-mediated placental transport in vitro.

Methods—BCRP expression was analyzed in lipid rafts isolated from placentas from healthy, 

term pregnancies and BeWo trophoblasts by density gradient ultracentrifugation. BeWo cells were 

also tested for their ability to efflux BCRP substrates after treatment with the cholesterol 

sequestrant methyl-β-cyclodextrin (MβCD, 5mM, 1 h) or the cholesterol synthesis inhibitor 

pravastatin (200μM, 48 h).

Results and Discussion—BCRP was found to co-localize with lipid raft proteins in detergent-

resistant, lipid raft-containing fractions from placental microvillous membranes and BeWo cells. 

Treatment of BeWo cells with MβCD redistributed BCRP protein into higher density non-lipid raft 

fractions. Repletion of the cells with cholesterol restored BCRP localization to lipid raft-

containing fractions. Treatment of BeWo cells with MβCD or pravastatin increased cellular 

retention of two BCRP substrates, the fluorescent dye Hoechst 33342 and the mycotoxin 

zearalenone. Repletion with cholesterol restored BCRP transporter activity. Taken together, these 

Corresponding Author: Lauren Aleksunes, Pharm.D., Ph.D., D.A.B.T., Rutgers University, 170 Frelinghuysen Road, Piscataway, NJ 
08854, USA, Phone: 848-445-5518, Fax: 732-445-0119, aleksunes@eohsi.rutgers.edu. 

HHS Public Access
Author manuscript
Placenta. Author manuscript; available in PMC 2017 October 01.

Published in final edited form as:
Placenta. 2017 July ; 55: 29–36. doi:10.1016/j.placenta.2017.04.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



data demonstrate that cholesterol may play a critical role in the post-translational regulation of 

BCRP in placental lipid rafts.
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Introduction

The breast cancer resistance protein (BCRP/ABCG2) is highly expressed on the apical 

membrane of placental syncytiotrophoblasts, serving a fetoprotective function at the 

interface of the maternal and fetal circulations [1, 2]. BCRP transports substrates away from 

the placenta and prevents the accumulation of potentially harmful xenobiotics in the fetus 

[3]. Substrates include commonly prescribed drugs such as the hypoglycemic agent 

glyburide, the chemotherapeutic drug doxorubicin and the antibiotic nitrofurantoin [4–7]. 

BCRP also transports estrogenic dietary chemicals that affect sexual differentiation of the 

fetus including the fungal toxin zearalenone [8–11]. Additionally, BCRP critically prevents 

cytokine-induced apoptosis and facilitates syncytial formation in placental cells [12, 13].

Few studies have offered insight into the post-translational regulation of BCRP by 

cholesterol and its organization in the plasma membrane. Cholesterol in the plasma 

membrane aggregates in structures called lipid rafts, which are ordered microdomains rich in 

sphingolipids and proteins [14]. Lipid raft order creates a phase-separation between its 

contents and the disordered phospholipid bilayer [14, 15]. Lipid rafts are critical in a number 

of membrane processes including signal transduction, biochemical synthesis and transport 

[16].

There is some evidence linking lipid raft integrity and membrane cholesterol content to 

BCRP function. In cells transfected to overexpress BCRP, the BCRP protein localized in 

lipid raft fractions after density gradient ultracentrifugation [17]. Proteomic analysis of lipid 

rafts in primary human T cells and mouse spermatozoa also point to the detergent resistance 

of the BCRP protein [18, 19]. Further, BCRP efflux activity is dependent on lipid raft 

integrity and cholesterol content in canine kidney cells and membrane vesicles 

overexpressing BCRP [17, 20, 21]. It is known that cholesterol is critical for fetal 

development; mothers with chronically low cholesterol are at higher risk for premature 

delivery and low birth weight babies [22, 23]. However, it is possible that cholesterol also 

plays a critical role in regulating placental BCRP and therefore influences drug transfer from 

the maternal to fetal circulation.

To date, the majority of studies of the BCRP transporter have investigated the localization of 

the protein in lipid rafts and the ability of cholesterol to regulate its activity using 

overexpressing cell-based systems, with little attention paid to native human tissues. 

Therefore, we hypothesized that BCRP localizes to lipid rafts in microvillus membranes 

from healthy term placentas and cultured placental cells. Further, we expected that 

disruption of cholesterol content in placental cells would alter BCRP function and 

enrichment in lipid rafts, which could potentially enhance drug transfer across the placental 

barrier
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Materials and Methods

Chemicals

Unless stated otherwise, all chemicals were from Sigma-Aldrich (St. Louis, MO).

Cell Culture

BeWo human choriocarcinoma cells (American Type Culture Collection, Manassas, VA) 

were maintained in an incubator at 37°C with 5% CO2 in air in a DMEM and F12 1:1 

mixture (Life Technologies, Carlsbad, CA), supplemented with 10% fetal bovine serum 

(Atlantic Biologicals, Miami, FL) and 1% penicillin-streptomycin (Life Technologies). This 

cell line recapitulates first trimester trophoblasts by secreting placental hormones and 

expressing transporters such as BCRP [35]. For all experiments, cells were grown to 70–

80% confluence before use. For cholesterol modulation studies, cells were cultured in the 

presence or absence of pravastatin (PRAV, 10–200 μM) for 48 h or methyl-β-cyclodextrin 

(MβCD, 5 mM) for 1 h and then HBSS in the absence and presence of cholesterol-MβCD 

(Sigma C4951) for 30 min [16]. Time points and doses used were based on previous 

literature and preliminary studies indicating a reduction in cholesterol but no effect on cell 

viability (Supplemental Fig 1) [16]. Cells were lysed in buffer containing 20 mM Tris-HCl, 

150 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 1% Triton X-100 and a protease 

inhibitor cocktail (Sigma P8340).

Patient Selection and sample collection

Placentas (n = 3) were obtained with written informed consent from healthy women meeting 

all criteria following term delivery by scheduled Cesarean section (Supplemental Table 1). 

Inclusion criteria included healthy women between the ages of 18–40 years, term gestation 

(≥ 36 weeks), and scheduled Cesarean section without labor. Exclusion criteria included 

chronic medical conditions, pregnancy-induced medical conditions, maternal infection, 

clinical chorioamnionitis, medication use (with the exception of prenatal vitamins), maternal 

smoking, alcohol or drug abuse, multiple pregnancies, and known fetal chromosomal 

abnormalities [24]. The study was approved by the Institutional Review Boards of Robert 

Wood Johnson Medical School (Protocol #0220100258) and Rutgers University (Protocol 

#E12-024).

Upon collection, placenta samples for lipid raft analysis were snap frozen and stored at 

−80°C until use. Samples for immunohistochemistry were stored in PAXgene Tissue 

Containers containing PAXgene tissue stabilizer (Qiagen, Germantown, MD).

Assays for cholesterol, protein and cell viability and growth inhibition

All colorimetric and fluorescent assays were performed using a SpectraMax M3 Multimode 

Microplate Reader and analyzed with SpectraMax SoftMax Pro 6.3 software (Molecular 

Devices, Sunnyvale, CA). For analysis of cholesterol in cell lysates and lipid raft fractions, 

an Amplex Red based detection kit was used according the instructions provided by Sigma-

Aldrich. Samples were compared to a standard curve generated from human low density 

lipoprotein prepared in either cell lysis buffer (20 mM tris-HCl, 150 mM NaCl, 5 mM 

EDTA, pH = 7.4) or lipid raft extraction buffer (see below). Protein content of cell lysates 
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and lipid raft fractions was quantified using a Detergent Compatible analysis kit (BioRad, 

Hercules, CA) based on the Lowry method [25].

Viability was measured as a function of the ability of the cells to convert resazurin to 

fluorescent resorufin as previously described [26]. To assess growth, cell number quantified 

using a Beckman Coulter Z1 Particle Counter (Indianapolis, IN). At all concentrations used, 

pravastatin had no effect on either cell growth or viability (Supplemental Fig. 1).

Subcellular Fractionation

Ultracentrifugation and density gradient methods were employed to obtain total cell 

membranes from BeWo cells, brush border membranes from human term placenta, and lipid 

rafts using a Beckman L7-55 ultra-centrifuge (Beckman Coulter, Brea, CA) [27–29].

Membrane Isolation from BeWo Cells—Plasma membranes were collected from 

BeWo cells using a Percoll-based ultra-centrifugation method as previously described [27]. 

All ultra-centrifugation steps for membrane isolation were performed using a Type 40.1 Ti 

rotor (Beckman Coulter, Indianapolis, IN).

Placental Brush Border Membrane Extraction—Crude brush border MVM extracts 

were prepared from human term placentas using an MgCl2-based centrifugation method as 

previously described [28]. Pure MVM were prepared by subjecting the crude MVM to the 

protocol a second time. All ultra-centrifugation steps for brush border membrane extractions 

were performed using a Type 60 Ti rotor (Beckman Coulter). Whole homogenates, nuclear 

fractions, and crude and pure MVM were analyzed for markers of apical and endothelial 

membranes, cytoplasm, nuclei and mitochondria using techniques in Western blotting.

Lipid Raft Extraction—Lipid raft fractions were prepared using a method adapted from a 

prior report [29]. Brush border membrane extracts and BeWo plasma membranes were 

incubated in TNE buffer (25 mM Tris HCl, 150 mM NaCl, 5 mM EDTA), supplemented 

with 1% Lubrol or 1% Triton X-100, respectively, on ice for 1 h. The mixtures were then 

mixed with OptiPrep (60% iodixanol) to a final concentration of 40% iodixanol in a final 

volume of 3 mL. This was added to the bottom of an open-top ultra-centrifuge tube and 

overlayed with 6 mL of 30% iodixanol and then 2 mL of 5% iodixanol. Samples were 

centrifuged at 260,000 g for 4 h at 4°C using an SW41 swinging bucket rotor (Beckman 

Coulter). Detergent-resistant lipid rafts migrated up the tube and concentrated at the 30–5% 

interface. Ten 1.4 mL fractions were collected from each tube with a pipette, starting from 

the least dense fractions at the top of the tube.

Western Blotting

Unless otherwise stated, all Western blotting was performed using equipment from BioRad 

as previously described [30]. Primary antibodies were used to detect BCRP (BXP-53, 

1:5000; Enzo Life Sciences, Farmingdale, NY), β-actin (ab8227, 1:2000, Abcam, 

Cambridge, MA), transferrin receptor 1 (TFR-1, ab108985, 1:5000 Abcam), placental 

alkaline phosphatase (PLAP, ab133602, 1:10,000, Abcam), multidrug resistance-associated 

protein 1 (MRP1, ab3368, 1:2000, Abcam), cluster of differentiation 34 (CD34, ab81289 
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1:10,000, Abcam), histone H2A (25785, 1:1000, Cell Signaling, Danvers, MA), and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH, G8795, 1:1000, Sigma-Aldrich). 

HRP-linked secondary antibodies (anti-rabbit, anti-rat or anti-mouse, 1:2000 Sigma-Aldrich) 

were used to detect primary antibodies. After the addition of a Luminata Forte Western HRP 

substrate (Millipore, Billerica, MA), chemiluminescent protein-antibody complexes were 

visualized using a Fluorchem Imager (ProteinSimple, Santa Clara, CA). Semi-quantitative 

analysis of bands of the blots was performed using AlphaView Software (ProteinSimple).

Flow Cytometry

Phycoerthyrin-labeled anti-BCRP antibody (5D3) (R&D Systems, Minneapolis, MN) was 

used to detect BCRP expression in BeWo cells according to the manufacturer’s protocol. 

Phycoerthyrin-labeled IgG antibody was used as a negative control. Cells were washed three 

times and then resuspended in 2% paraformaldehyde/PBS for flow cytometric analysis using 

a Gallios/FC500 Cytometer (Beckman Coulter, Indianapolis, IN) (excitation wavelength, 

488 nm; emission wavelength, 575 nm).

Transporter Function

The transport activity of BCRP in BeWo cells was measured by analyzing the cellular 

retention of two BCRP transporter substrates, Hoescht 33342 and zearalenone, an estrogenic 

mycotoxin [9, 31].

Hoescht 33342 Transport

After experimental treatments, BeWo cells were detached from the culture plates with 

trypsin, washed, resuspended in medium, and added to a 96-well round bottom plate at a 

density of 200,000 cells/well in a final volume of 200 μL. Plates were centrifuged (500 g, 5 

minutes, 5°C) and the medium removed. Cells were then resuspended in 200 μL of growth 

medium containing Hoechst 33342 (5 μM). After 30 min at 37°C in the presence or absence 

of the BCRP-specific inhibitor, Ko143 (1 μM), cells centrifuged, washed and re-suspended 

in substrate-free growth medium with or without Ko143. After 1 h at 37°C, the cells were 

washed and resuspended in 50 μL ice cold PBS for analysis. Quantification of intracellular 

fluorescence was performed using a Cellometer Vision automated cell counter (Nexcelom 

Bioscience, Lawrence, MA) fitted with a VB-450-302 filter (excitation/emission = 375/450 

nm). The total number of cells analyzed for each sample ranged from 200 to 2000 and were 

normalized for cell size.

Zearalenone Transport

For zearalenone transport studies, BeWo cells, grown and treated in 6 well culture dishes, 

were loaded with zearalenone (10 μM) in HBSS in the presence or absence of Ko143 (1 

μM). After 1 h at 37°C, cells were washed with HBSS, and then incubated in zearalenone-

free HBSS in the absence and presence of Ko143. After 30 min at 37°C, cells were washed, 

collected in lysis buffer and stored at −80°C. Quantification of intracellular ZLN was 

performed using an ELISA kit (Abnova, Taipei City, Taiwan), and standards were prepared 

in lysis buffer [9].
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Immunohistochemistry

For immunohistochemistry, tissue was embedded in paraffin and 5 μm thick sections 

prepared. After deparaffinization, tissue sections were quenched in 2% H2O2 (10 min, room 

temperature). Tissue sections were then blocked with an avidin/biotin blocking kit (Vector 

Laboratories, Burlingame, CA) followed by 5% serum corresponding to the source of the 

primary antibody. After 2 h at room temperature, tissues sections were incubated with 

primary antibodies to BCRP (BXP-21, 1:100; abcam), TFR-1 (ab108985, 1:200 Abcam), 

PLAP (ab133602, 1:1000, Abcam), or CD34 (ab81289 1:10,000, Abcam). After 16 h at 4°C, 

tissue sections were washed and incubated with biotinylated secondary antibodies for 60 min 

at room temperature (Vector Laboratories). Tissue sections were then stained using a 3,3′-
diaminobenzidine peroxidase substrate kit (Vector Laboratories). After counterstaining with 

hematoxylin, tissue sections were dehydrated and imaged by light microscopy on a Olympus 

BX51 microscope (Waltham, MA) fitted with a ProgRes C14+ camera (Jenoptik, Jena, 

Germany). Negative controls for each secondary antibody are provided (Supplemental Fig 

2).

Statistical analysis

Data were presented as mean ± SE and analyzed using Graphpad Prism 5.0 software 

(Graphpad Software Inc., La Jolla, CA). Data were normally distributed, and two-way 

analysis of variance post-test or one-way analysis of variance with Bonferroni post-test was 

used to determine significance, which was set at p < 0.05.

Results

Localization of the BCRP transporter in human term placentas

BCRP protein was highly expressed on syncytiotrophoblasts and fetal endothelial cells (Fig. 

1). Placental alkaline phosphatase (PLAP) and transferrin receptor (TFR), markers for raft 

and non-raft regions of cell membranes, respectively, were also expressed in 

syncytiotrophoblasts. TFR was also present on fetal endothelial cells while CD34, a marker 

for endothelial membranes, was localized only in the fetal endothelium (Fig. 1).

Localization of the BCRP transporter to lipid raft-enriched fractions in human term 
placentas

MVM was extracted and purified from healthy term placentas and tested for contamination 

using Western blotting (Fig. 2A). PLAP, also a marker for MVM, was highly enriched in 

both crude and purified MVM fractions of the tissue when compared to whole placenta 

homogenates. MRP1, a marker of syncytiotrophoblast basolateral membranes, was present 

in whole homogenates and crude MVM, but little or no expression of this protein was 

evident in purified fractions. Similar results were obtained for GAPDH, a marker of 

cytoplasmic contamination. CD34 was present only in whole placenta homogenates and 

nuclear fractions. Low levels of CD34 remained in crude MVM preparations but were not 

detected following further purification. H2A, a nuclear protein marker, was found only in 

nuclear fractions. These data confirmed that pure MVM were prepared.
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Detergent-based density gradient ultracentrifugation was then performed on pure MVM to 

isolate lipid raft, and non-lipid raft fractions. Ten fractions were collected starting from the 

least dense fractions at the top of the gradient and analyzed for overall protein and 

cholesterol content. Lower density fractions at the top (fractions 1–3) typically represent 

detergent-resistant raft microdomains, while higher density fractions at the bottom (fractions 

7–10) typically represent detergent-soluble cell components, including non-raft membranes 

[reviewed in 27]. Protein and cholesterol analysis of lipid raft fractions showed that only 

11.7% of total protein was localized to fractions 1–3 while 96.0% of cholesterol (normalized 

to protein) was localized to the same fractions (Fig. 2B).

Western blotting of the density gradient fractions showed that approximately 84.8% of total 

PLAP protein content was found in fractions 2 and 3 while 84.3% of total TFR protein was 

localized in the bottom 4 fractions (7–10) (Fig. 2C). Similar to PLAP, 76.9% of total BCRP 

protein was found in lipid raft-enriched fractions 2 and 3.

Localization of the BCRP transporter following cholesterol depletion of BeWo cells

In order to characterize density gradient fractions collected from BeWo cells, we first 

assessed total protein and cholesterol. Following centrifugation, 14.0% of total protein was 

localized to lipid raft fractions (fractions 1–3), while 25.1% of cholesterol (normalized to 

protein) was localized to the same fractions (Fig. 3). We next analyzed BeWo cells for 

expression of BCRP in lipid rafts. Analysis of the gradient fractions by Western blotting 

showed that 46.3% of total PLAP was found in fractions 2 and 3, while 90.3% of total TFR 

was found in fractions 7–10 (Fig. 4). BCRP co-localized with PLAP in lipid rafts, with 

33.6% of total BCRP contained in fractions 2 and 3.

To determine the extent to which cholesterol influences the localization of BCRP in lipid 

rafts, BeWo cells were treated with the cholesterol sequestrant MβCD. MβCD treatment 

reduced the content of BCRP and PLAP in lipid raft fractions by 51.4% and 92.6%, 

respectively (Fig. 4). This redistribution of BCRP and PLAP was reversed when cells were 

replenished with cholesterol after MβCD treatment. Greater than 90% of TFR content was 

localized to the higher density fractions and MβCD treatment did not affect its distribution. 

Protein analysis showed that BeWo lipid rafts (fractions 1–3) accounted for 13.3% and 

12.2% of total protein in MβCD and cholesterol replenished treatment groups, respectively 

(Fig. 3). By comparison, cholesterol analysis showed that fractions 1–3 accounted for 

11.4%, and 40.9% of total cholesterol in MβCD and cholesterol replenished treatment 

groups, respectively (Fig. 3).

Effects of cholesterol on BCRP transport activity

Initially, we characterized BCRP transport activity in BeWo cells using the fluorescent 

substrate, Hoechst 33342 (Fig. 5B). Ko143, a specific functional inhibitor of BCRP [32], 

increased the cellular accumulation of Hoechst 33342 by 172%. To determine whether 

reduced cholesterol content affected BCRP function, cells were treated with pravastatin and 

assessed for cholesterol content and Hoechst 33342 retention. Pravastatin treatment (48 h) 

caused a concentration-dependent decrease in total cellular cholesterol (Fig. 5A), and this 

resulted in an increase in the retention of Hoechst 33342 up to 47% (Fig. 5B).
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To determine if repletion with cholesterol would restore BCRP efflux activity, BeWo cells 

were treated in a separate set of experiments with MβCD (5 mM, 1 h) or pravastatin (200 

μM, 48 h) and then exogenous cholesterol (5 mM MβCD-cholesterol, 30 min). The retention 

of Hoecsht 33342 and the estrogenic mycotoxin zearalenone were then measured. Treatment 

of BeWo cells with MβCD and pravastatin reduced cellular cholesterol content by 75.3% 

and 37.8%, respectively (Fig. 6A), which increased Hoechst 33342 accumulation by 20% 

(Fig. 6B) and zearalenone retention by 125% (Fig. 6C) for both treatments. BeWo cells 

under the same treatment conditions were analyzed for loading of Hoechst 33342 or 

Rhodamine 123, a fluorescent chemical that is not transported by BCRP (Supplemental Fig. 

3). Neither MβCD nor pravastatin showed significant differences in the loading of dyes 

compared to control. Repletion of cholesterol in MβCD and pravastatin-treated cells restored 

cellular cholesterol, which lowered the cellular retention of Hoechst 33342 and zearalenone 

to levels that were not significantly different than control cells (Fig. 6A–C). Ko143 increased 

the cellular accumulation of both Hoechst 33342 (Fig. 6B) and zearalenone (Fig. 6C), and, 

as expected, exogenous cholesterol did not reverse the inhibitory effects of Ko143.

Effects of lowering cholesterol on BeWo cell expression of BCRP

To determine whether the effects of lowering cholesterol on BCRP efflux activity were due 

to changes in BCRP expression, cells treated with MβCD (5 mM, 1 h) or pravastatin (200 

μM, 48 h) were analyzed by Western blotting and flow cytometry. Treatment of BeWo cells 

with the cholesterol inhibitors did not alter total BCRP expression in the cells (Supplemental 

Fig. 4A) or its insertion in the plasma membrane (Supplemental Fig. 4B).

Discussion

Because of BCRP’s enrichment in the placenta, and its ability to transport toxicants from the 

fetus to the maternal circulation, this transporter provides a critical fetoprotective function 

[33]. Our studies demonstrate that BCRP is localized to lipid rafts in syncytiotrophoblasts 

and BeWo cells. This is based on findings that BCRP can be isolated in detergent-resistant, 

cholesterol-rich cell membranes after density gradient centrifugation where it co-localizes 

with PLAP, a well-characterized lipid raft marker [34]. In BeWo cells, but not MVM, BCRP 

is also localized in non-lipid raft fractions. BeWo cells are derived from a human 

choriocarcinoma [35], and differences in the trafficking of BCRP between these cells and 

primary human tissue may be due to the transformed phenotype. It has also been proposed 

that some proteins present in lipid raft fractions are simply not as intimately packed within 

lipid rafts and are susceptible to Triton digestion, which was used only for lipid raft isolation 

in BeWo cells [36]. Further, it is common that even well-established lipid raft proteins, like 

caveolin-1, display a bimodal distribution in gradient centrifugation experiments under 

certain conditions and localize to both raft and nonraft fractions [37–39]. It has also been 

proposed that some fraction of a particular protein can be bound to certain fatty acids that 

drive the association with lipid rafts [36]. This post-translational modification could, in 

theory, result in two distinct populations of the same protein: one that associates with rafts 

and one that does not. Further studies will be needed to determine what drives the bimodal 

distribution of BCRP, but it is clear that cholesterol plays a functional role in the distribution 

of BCRP in placental cells.
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Our studies measuring efflux transport activity of BCRP used two substrates, Hoechst 33342 

and zearalenone. Hoechst 33342 is a fluorescent substrate often used for measuring BCRP 

efflux activity [31], while zearalenone is an estrogenic mycotoxin produced by fungi that 

occur naturally on cereal crops. We previously identified zearalenone as a novel substrate for 

BCRP [9]. In utero exposure to zearalenone has been shown to cause developmental 

toxicities including feminization, mammary epithelial proliferation and precocious puberty 

[40]. The fact that BCRP can efflux zearalenone may make it a critical protein in protecting 

the fetus against toxicity by this environmental contaminant.

Maternal cholesterol is vital to the development of the fetus. For instance, low maternal 

serum cholesterol has been noted as a cause of both preterm delivery and lower birth weight 

[41]. As indicated above, cholesterol is also crucial to the integrity of lipid rafts, which have 

been implicated as mediators of a number of key metabolic processes needed for fetal 

development including transmembrane trafficking of nutrients. For example, lipid raft 

integrity is important for the maternal-to-fetal transport of folate, a cofactor important in the 

development of the nervous system [42]. In this regard, maternal exposure to fumonisin B1, 

which is known to disrupt lipid raft integrity in the placenta, has the potential to inhibit 

receptor-mediated folate transport to the fetus resulting in toxicity [43]. While it is known 

that cholesterol and lipid rafts are important in pregnancy, understanding how they modulate 

efflux transporters such as BCRP will be critical to understanding mechanisms by which the 

fetus is protected from exposure to xenobiotics. Without affecting BCRP protein expression, 

both pravastatin and MβCD inhibited most but not all BCRP efflux transport activity by 

modulating levels of cellular cholesterol, a process that disrupts lipid rafts [44]. Further, 

unlike other statins, pravastatin is not a direct inhibitor of BCRP at the concentrations used 

[45]. These data indicate that cholesterol is important in regulating BCRP efflux activity. 

However, the precise mechanism is not clear. Although lipid rafts may be critical for 

maximal BCRP activity (see further below), it is also possible that cholesterol modulates 

BCRP directly. For example, BCRP has been shown to have a cholesterol-binding motif and 

this may directly influence the change in conformation of BCRP to an active state [20]. 

Additionally, it has been postulated that cholesterol aids in the interaction of small, 

hydrophobic substrates with BCRP, by “filling in” an unoccupied space in the active site 

[reviewed in 46, 47]. This may, in part, explain why efflux of zearalenone, a small, 

hydrophobic compound, was more susceptible to the effects of cholesterol reduction than 

Hoechst 33342, a larger, hydrophilic compound.

Lipid rafts are more ordered than the surrounding phospholipid bilayer and can therefore 

promote protein-protein interactions. For example, lipid rafts have been reported to enhance 

the dimerization of glial-cell-derived neurotrophic factor and the high-affinity IgE receptor 

[16]. Efflux of xenobiotics by BCRP is dependent on its dimerization [48]. Lipid rafts may 

help to bring BCRP monomers in proximity to one another, while stabilizing a conformation 

of BCRP that exposes critical cysteine residues needed for dimerization [16, 49]. At the 

present time, the precise role of raft and non-raft BCRP in BeWo cells in mediating the 

Hoechst 33342 and zearalenone efflux is not known. It is possible that reducing cellular 

cholesterol affects both raft and non-raft BCRP, but more studies are needed to clarify this 

possibility.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig 1. Localization of the BCRP transporter and plasma membrane markers in human term 
placentas
Healthy, term placentas were fixed in PAXgene tissue stabilizer and then subjected to routine 

tissue processing and paraffin embedding. Sections (5 μm) were prepared and stained with 

antibodies against BCRP, PLAP, TFR or CD34 as indicated in the Materials and Methods. 

Antibody binding was visualized using a Vectastain DAB kit (brown staining) and 

counterstained with hematoxylin (blue staining).
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Fig 2. Localization of the BCRP transporter in lipid raft-enriched fractions in human term 
placentas
A. Western blot of placental MVM. Western blotting was performed on MVM isolated from 

human term placentas using ultracentrifugation. B. Protein and cholesterol analysis of 

fractions from placental MVM ultracentrifugation. Placenta MVMs were subjected to 

density gradient ultracentrifugation in order to isolate detergent-resistant lipid rafts. Ten 1.4 

mL fractions were collected and analyzed for protein or cholesterol content as described in 

the Materials and Methods. Data are presented as mean ± SE (n = 3 placentas). C. Western 

blot of fractions from placental MVM ultracentrifugation. Western blots from 1 

representative placenta are shown. Data are presented as mean ± SE (n = 3 placentas).
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Fig 3. Protein and cholesterol content of density gradient fractions from BeWo cells following 
ultracentrifugation
Plasma membranes collected from BeWo cells treated with HBSS, MβCD (5 mM, 1 h), or 

MβCD (5 mM, 1 h) and then MβCD-cholesterol (5 mM, 30 min) were subjected to density 

gradient ultracentrifugation in order to isolate detergent-resistant lipid rafts. Ten 1.4 mL 

fractions were collected and analyzed for protein or cholesterol content as described in the 

Materials and Methods. Data are presented as mean ± SE (n = 3 independent experiments).
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Fig 4. Localization of the BCRP transporter following cholesterol depletion of BeWo cells
Western blots were performed using membrane fractions collected from BeWo cells 

following treatment with vehicle (Control), 5 mM methyl-β-cyclodextrin (MβCD) for 1 h, or 

5 mM MβCD for 1 h and then 5 mM cholesterol-loaded MβCD for 30 min (MβCD + 

CHOL). Western blots show BCRP along with lipid raft (PLAP) and non-lipid raft (TFR) 

markers in fractions obtained from 1 representative experiment. Enrichment of proteins in 

different fractions was semi-quantified using densitometry of Western blots from 3 

independent experiments. Data are presented as mean ± SE *p < 0.05 compared to control 

within each fraction.
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Fig 5. Relationship between cholesterol content and BCRP substrate retention in BeWo cells
BeWo cells were treated with vehicle or pravastatin (10 – 200 μM) for 48 h. A. Effects of 

pravastatin on cholesterol content. Cholesterol was measured in cell lysates using the 

Amplex Red assay. B. Effects of pravastatin on BCRP efflux. Efflux transporter activity was 

indirectly measured by the ability of cells to retain the BCRP substrate Hoechst 33342. The 

BCRP substrate was quantified in relative fluorescence units (RFU) using a Nexcelom 

Cellometer (n = 3 independent experiments).*p<0.05 relative to control. Data are presented 

as mean ± SE.
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Fig 6. Effects of modulating cholesterol on BCRP transporter activity in BeWo cells
Cholesterol content in BeWo cells was modulated by treatment with MβCD (1 h, 5 mM) or 

pravastatin (PRAV, 48 h, 200 μM). Cholesterol repletion groups were treated with 

cholesterol-loaded MβCD (30 min, 5 mM) immediately before the experiment. A. Effects of 

MβCD and pravastatin on BeWo cell cholesterol content. Cells were treated with MβCD or 

pravastatin, lysates prepared and cholesterol content measured using an Amplex Red assay 

(n = 3 samples). B. Effects of modulating BeWo cell cholesterol on BCRP efflux transporter 

activity using Hoechst 33342 retention. Efflux transporter activity was measured by the 

ability of cells to retain the BCRP substrate Hoechst 33342. The BCRP substrate was 

quantified in relative fluorescence units (RFU) using a Nexcelom Cellometer and expressed 

as mean ± SD (n = 3 independent experiments). C. Effect of modulating BeWo cell 

cholesterol on BCRP efflux transporter activity using zearalenone retention. Efflux 

transporter activity was measured by the ability of the cells to retain the BCRP substrate 

zearalenone. Black bars represent cells where cholesterol was not restored. Grey bars 

represent cells where cholesterol was restored. Data are presented as mean ± SE (n = 4–6). 

Asterisks (*) represent statistically significant differences (p < 0.05) compared to control 

cells where cholesterol was not restored. Daggers (†) represent statistically significant 

differences (p < 0.05) compared to cells with the same treatment (CTR, MβCD or PRAV) 

where cholesterol was not restored.
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