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Abstract
Human breast cancer resistance protein (BCRP/ABCG2) is an ABC-transporter that is present on the luminal membrane of intestinal

epithelial cells and restricts absorption of anticancer drugs such as methotrexate, topotecan, mitoxantrone, and doxorubicin. The exact

anatomic distribution of BCRP along the gastrointestinal (GI) tract, however, has not been determined before. The aim of this study was,

therefore to investigate BCRP mRNA expression pattern along the GI tract in 14 healthy subjects. Furthermore, BCRP duodenal mRNA

expression was compared with MDR1/ABCB1 mRNA. Additionally, BCRP mRNA expression was investigated in two human intestinal

cell lines (Caco-2 and LS180). Since previous animal studies have suggested sex specific differences in BCRP expression, we analyzed

intestinal BCRP expression with respect to sex. Biopsies were taken from different gut segments (duodenum, terminal ileum and

ascending, transverse, descending and sigmoid colon). Gene expression was assessed by quantitative real-time PCR (Taqman). BCRP

mRNA expression was maximal in the duodenum and decreased continuously down to the rectum (terminal ileum 93.7%, ascending colon

75.8%, transverse colon 66.6%, descending colon 62.8%, and sigmoid colon 50.1% compared to duodenum, respectively). BCRP

expression in the duodenum was comparable to MDR1/ABCB1 gene expression. Caco-2 cells showed a comparable expression of BCRP

as human duodenal tissue. Gender specific differences in BCRP expression were not observed. These findings represent the first

systematic site-specific analysis of BCRP expression along the GI tract. This information might be helpful to develop target strategies for

orally administered anticancer drugs.

# 2005 Elsevier Inc. All rights reserved.
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1. Introduction

BCRP/ABCG2 is a half-transporter that belongs to the

white subfamily of ATP-binding cassette (ABC) transpor-

ters. BCRP was originally cloned from multidrug resistant

tumor cells [1–3] and displays a wide substrate specificity.

It mediates the energy dependent translocation of various

anticancer drugs such as methotrexate [4], topoisomerase

inhibitors (such as topotecan [5]), mitoxantrone, and dox-

orubicin [6] across cellular membranes. BCRP knock-out

mice were found to be healthy and showed no major
Abbreviations: BCRP, human breast cancer resistance protein;

ABCG2, human breast cancer resistance protein; PCR, polymerase chain

reaction
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pathological alterations. When fed with a chlorophyll rich

diet containing the chlorophyll degradation product, the

phototoxic phenophorbide a, the BCRP knock-out mice

developed phototoxic skin lesions [7]. Its localization

indicates an important role in the protection of tissues

against xenobiotics. BCRP expression was detected mainly

in excretory organs, e.g. in canalicular membranes of the

liver, in epithelial cells of the small intestine, colon, kidney

and lung, as well as in the blood–brain barrier and the

placenta [8,9].

The expression of BCRP in epithelial cells of the intes-

tine implies that BCRP might be an important transporter

limiting the absorption of orally administered anticancer

drugs and ingested toxins [9–11]. Due to its broad substrate

specificity, BCRP might influence the pharmacokinetics of

many unrelated substances including anticancer drugs,
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HIV drugs, and endogenous compounds [12,13]. Up to

now, there is little knowledge about the expression pattern

of BCRP along the human intestine. This information

however might be helpful for the development of specific

galenical targeting approaches, which may be utilized to

improve intestinal absorption of anticancer drugs. There-

fore, the expression of BCRP was investigated in the

human intestine of 14 healthy subjects and its duodenal

expression was compared with that of MDR1.

In vitro screening of drug absorption is commonly done

in human intestinal cell lines (such as Caco-2 [14,15] and

LS180 [16]). Therefore, it is of interest to compare the

expression level of BCRP in these cell lines with the human

duodenal BCRP mRNA expression.

In addition, membrane transport differences of endo-

genous and xenobiotic compounds associated with sex

have been reported previously for several transport pro-

teins [17–23]. Recently sex associated differences for

BCRP, the BCRP analogue in rat and mice has been

described by Tanaka et al. [24]. They observed a higher

expression of BCRP mRNA of male rats in the kidney and

of male mice in the liver compared to females. These sex

differences were attributed to the suppressive effect of

estradiol in rats and to the inductive effect of testosterone

in mice, respectively. Intestinal expression of rat and

mouse BCRP seems not be influenced by sex. However,

data about intestinal rat and mouse BCRP expression

exhibited high interspecies differences and were restricted

to duodenum, jejunum and ileum. We therefore wanted to

determine, whether there are sex-related differences in

human BCRP mRNA expression along the intestinal tract

that might lead to pharmacokinetic variations in drug

absorption.
2. Materials and methods

2.1. Cell cultures

Caco-2 cells (passage 42) and LS180 cell line (passage

36) were purchased from ATCC (Manassas, USA). Both

cell lines were cultured in Dulbecco’s MEM with Gluta-

max-I, supplemented with 10% (v/v) fetal calf serum, 1%

nonessential amino acids, 1% sodium pyruvate, 50 mg/ml

gentamycin. All cultures were maintained in a humified

37 8C incubator with a 5% carbon dioxide in air atmo-

sphere.

2.2. Biopsies

Intestinal biopsies were obtained from 14 healthy sub-

jects (7 females, 7 males, age 43–75 years, average age

59.8 years, no medication), which served as a control group

in a clinical study. This study systematically investigated

the regional expression of different genes in patients with

inflammatory bowel disease. The study protocol included
specifically the investigation of drug transporting proteins

and it was approved by the local Ethical Committee.

Informed consent was obtained from subjects prior to

inclusion. Indications for a combined gastroscopy and

colonoscopy in these control patients were cancer screen-

ing, irritable bowel syndrome and unspecific abdominal

pain. No macroscopically pathological findings were

observed during endoscopies in these subjects. Three to

four biopsies each were obtained from duodenum, terminal

ileum, ascending colon, transverse colon, descending

colon and sigmoid colon.

2.3. Preparation of samples

For isolation of total RNA from cell cultures cells,

medium was removed and RNA was extracted from

Caco-2 and LS180 cell line using the RNeasy Mini Kit

(Qiagen, Hilden, Germany).

The biopsy samples were immediately submerged in a

tube with RNAlater (Ambion) and stored at �80 8C until

further processing. For RNA isolation two biopsies from

each intestinal region were homogenized for 30 s (Polytron

PT 2100, Kinematika AG, Switzerland) and RNA was

extracted using the RNeasy Mini Kit (Qiagen GmbH,

Hilden, Germany) following the instructions provided by

the manufacturer.

RNA was quantified with a GeneQuant photometer

(Pharmacia, Uppsala, Sweden). After DNase I digestion

(Gibco, Life Technologies, Basel, Switzerland) 1.5 mg of

total RNA was reverse-transcribed by Superscript (Gibco

Life Technologies) according to the manufacturer’s pro-

tocol using random hexamers as primers. TaqMan analysis

was carried out on a 7900HT Sequence Detection System

(Applied Biosystems, Rotkreuz, Switzerland). PCR con-

ditions were 10 min at 95 8C followed by 40 cycles of 15 s

95 8C and 1 min at 60 8C. Each TaqMan reaction contained

10 ng of cDNA in a total volume of 10 ml. TaqMan

Universal PCR Mastermix from Applied Biosystems

was used. The concentrations of primers and probes were

900 nM and 225 nM, respectively. Primers and probes

were designed according to the guidelines of Applied

Biosystems with help of the Primer Express 2.0 software

(BCRP probe: 50-CCATTGCATCTTGGCTGTCATG-

GCTT-30, BCRP forward primer: 50-CAGGTCTGTTGGT-

CAATCTCACA-30, BCRP reverse primer: 50-TCCATA-

TCGTGGAATGCTGAAG-30, villin probe: 50-TCATCA-

AAGCCAAGCAGTACCCACCAAG-30, villin forward pri-

mer: 50-CATGAGCCATGCGCTGAAC-30, villin reverse

primer: 50-TCATTCTGCACCTCCACCTGT-30). Primers

and probes were synthesized by Invitrogen (Basel, Switzer-

land) and Eurogentec (Seraing, Belgium), respectively. All

samples were run in triplicates and were quantified using a

standard curve. Standards were generated by a serial dilution

of PCR products of the appropriate gene. For each sample

the number of BCRP transcripts and the number of villin

transcripts were determined. By calculating the ratio of
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Fig. 2. Expression of BCRP/ABCG2 mRNA and MDR1/ABCB1 mRNA in
BCRP/villin mRNA, the transporter gene expression was

normalized. This approach has previously been established

to account for variations in the enterocyte content of biopsies

[25,26]. Not reverse-transcribed RNA served as a negative

control.

2.4. Statistical analysis

BCRP gene expression was compared between the dif-

ferent intestinal segments by analysis of variance. In the case

of significant differences between intestinal segments, all

segments were compared with the expression in duodenum

using Dunnett’s t-test using sex as a covariate. Comparison

of BCRP and/or MDR1 mRNA expression was performed

by unpaired two-sided t-test. The level of significance was

p = 0.05. All statistical comparisons were performed using

SPSS for Windows software (version 12.0).

human duodenum normalized to the expression of villin. Data represent

mean (�S.E.M.) of biopsies from 14 healthy subjects.
3. Results

The expression pattern of BCRP from the duodenum to

the sigmoid colon is shown in Fig. 1. Maximal BCRP

mRNA expression was found in the duodenum. In the

colonic segments BCRP mRNA expression is continuously

decreasing from proximal to distal. In ascending colon the

BCRP level is significantly reduced to 75.8% of the

duodenum, in transverse colon to 66.6%, in descending

colon to 62.8%, and in sigmoid colon to 50.1%, respec-

tively. In the terminal ileum BCRP mRNA expression is

slightly but not significantly reduced compared to duode-

num (93.7%). The expression of BCRP mRNA was not

significantly different between males and females, neither

in the duodenum and the terminal ileum, nor in the

different colonic segments of the human GI tract
Fig. 1. Expression of BCRP/ABCG2 mRNA in different gut segments.

Data represent mean (�S.E.M.) of biopsies from 14 healthy subjects (7

males, 7 females), except terminal ileum, where biopsies from 13 subjects (6

males, 7 females) were used.
(Fig. 1). BCRP mRNA expression was normalized to villin

to account for variation in enterocyte content (ratio of

BCRP/villin mRNA) as suggested in the literature [25,26].

This was justified, since the mRNA expression of villin

was not significantly different between the different parts

of the intestine. The variability of BCRP mRNA measure-

ment was determined by repetitive determination (N = 10)

and amounted to 4.3% (coefficient of variation).

Since MDR1 and BCRP share some of their substrates,

duodenal mRNA expression of these genes was compared.

MDR1 mRNA and BCRP mRNA expression was in the

same range in the duodenum, with a slightly but signifi-

cantly ( p < 0.05) lower expression of BCRP (Fig. 2).

The duodenal mRNA expression of BRCP was compar-

able to the expression in Caco-2 cells, which are reported to

exhibit duodenal-like transporter expression [15]. How-

ever, the mRNA expression of BCRP in LS180 cells was

almost 100-fold lower ( p < 0.001; Fig. 3).
4. Discussion

Previous studies had reported that cellular BCRP is

localized in the apical membranes of small intestinal

and colonic epithelia [9,10], where it limits the bioavail-

ability of toxic compounds. There is some information

about tissue distribution of BCRP in animal species such as

rat and mice or BCRP expression in isolated parts of the

intestine [24,26]. However, only limited information is

available about the site-specific localization of BCRP

along the GI tract in humans, which might be important

for the development of specific galenic formulations of

anticancer drugs. Here, we present for the first time a

systematic analysis of the site-specific expression of BCRP

along the GI tract. BCRP mRNA expression decreased

continuously from the duodenum to the sigmoid colon. In
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Fig. 3. Expression of BCRP/ABCG2 mRNA in human duodenum (N = 14);

Caco-2 cells (N = 3) and LS180 cells (N = 3) normalized to the expression

of villin. BCRP mRNA expression was significantly lower in LS180 cells

than in Caco-2 cells and duodenal tissue ( p < 0.001). Data represent mean

(�S.E.M.).
human jejunum, a part which was not investigated in our

study due to ethical reasons, Taipalensuu et al. [26] found a

high level of BCRP mRNA expression. The BCRP gene

expression exhibited even a 3.4-fold higher expression than

the MDR1 gene. Data in rat [24] have shown that the level

of BCRP gene expression is higher in the jejunum com-

pared to duodenum. However, it is not trivial to extrapolate

animal data to humans, because species differences have

been described even between rodents. Whereas rats

expressed high levels of BCRP in the ileum, the ileal level

of BCRP mRNA in mice was rather low. Nevertheless one

is tempted to speculate that BCRP expression levels might

be maximal in the jejunum. Since expression of BCRP is

still high in the terminal ileum, which is close to the

jejunum, these data are not in contrast to our findings.

Differences in the membrane transport of xenobiotics

and endogenous compounds caused by different levels of

sexual hormones such as testosterone and estradiol have

been previously described in several studies [27,28]. This

sex related differences in membrane transport includes

several membrane transporters such as organic cation

transporters [17,18], organic anion transporters [19–21],

and multidrug resistance proteins MDR1a, MDR1b and

MDR2 [22,23]. Recently, Tanaka et al. reported sex-related

differences of BCRP expression levels in rodents [24]. We

found no significant differences in the level of BCRP

mRNA expression between males and females, neither

in the duodenum and the terminal ileum, nor in the

different colonic segments of the human GI tract. We

therefore conclude that sexual hormones have most prob-

ably no effect on the expression pattern of BCRP in the

adult human intestine.

The importance of MDR1 and MRPs for the protection

from enteral absorption of potentially toxic xenobiotics

and their limiting effects on enteral drug absorption has

become more and more aware. BCRP shows some degree
of substrate overlapping with these transporters and is also

expressed in the small and large intestine [29]. To estimate

the potential impact of BCRP for detoxification and drug

absorption, we compared the level of BCRP mRNA

expression in the duodenum with the level of MDR1

mRNA, another important ABC-transporter of xenobiotics

in the intestine. We showed comparable mRNA expression

of MDR1 and BCRP, with a slightly but significantly

( p < 0.05) lower expression of BCRP. In jejunum, BCRP

mRNA expression was found to be even higher as

MDR1mRNA expression [26]. Taken together these find-

ings indicate that BCRP might play an important role for

limiting the absorption of orally administered anticancer

drugs and ingested toxins.

The comparable mRNA expression of BRCP in human

duodenum and the colonic carcinoma derived cell line

Caco-2 may indicate its usefulness for in vitro studies of

BRCP mediated transport of drugs. In addition, another

colonic adenocarcinoma-derived cell line, LS180, was

investigated for BCRP mRNA expression. This cell line

is commonly used for the assessment of gene induction

[15,16,30]. However, due to their low expression of BRCP

mRNA, LS180 cells do not seem to be suitable for inves-

tigation of BRCP function.

We have to admit that our study results represent only

mRNA expression, which may not correlate with protein

expression and/or function. However, due to ethical reasons

we were limited with the number and volumes of tissue

biopsies taken from our patients. Therefore, for this mapping

study only mRNA expression experiments could be per-

formed. To assess functional expression of BRCP in differ-

ent gut segments, further dedicated studies are needed.
5. Conclusion

These findings represent the first systematic site-specific

analysis of BCRP expression along the GI tract and shows

that its expression significantly decreased in all colonic

segments compared with the small intestine. This knowl-

edge might be important to develop target strategies for

orally administered anticancer drugs.
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