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Epithelium of the gallbladder and biliary tract is exposed to high concentrations of potentially harmful
exogenous and endogenous compounds excreted into primary bile. As the ATP-dependent efflux pump ABCG2
can prevent cellular accumulation of anticancer drugs, estrogen sulfate, xenobiotics, porphyrins, and sterols,
its expression in the biliary tract might mediate protection by hindering their penetration. We therefore
investigated the expression and subcellular distribution of ABCG2 in normal and malignant human gallbladder.
After demonstrating ABCG2 expression in gallbladder epithelium by RT-PCR and Western blotting, we analyzed
the subcellular localization of ABCG2 by indirect immunofluorescence in gallbladder adenocarcinoma
specimens, and compared it to that in cholelithiasis, and normal gallbladder samples (n¼ 54). In control,
cholelithiasis, and well-differentiated tumor samples (grade 1, T1–3), ABCG2 is present at the luminal
membrane of epithelial cells, which was proven by colocalization of apical-bound TRITC-labeled lectin (wheat
germ agglutinin). In poorly differentiated gallbladder adenocarcinomas, intracellular ABCG2, in addition to
luminal ABCG2 immunoreactivity, was found in 13/21 carcinoma samples (grade 2 and 3, T2-4, Po0.01). In 3/11
of grade 3 tumors, ABCG2 was present in the cytoplasmatic compartment only (Po0.01). In proliferating bile
ducts of cholangiocarcinomas, ABCG2 showed an analogous staining pattern with presence in cytosolic
compartments. However, the apical marker enzyme neutral endopeptidase remained on the membrane in all
samples. To study whether phosphatidylinositol 3-kinase (PI3K) signaling might be necessary for ABCG2
membrane insertion, we treated freshly isolated human gallbladder epithelial cells with the PI3K inhibitor
wortmannin. As assessed by indirect immunofluorescence, this maneuver redistributes ABCG2 to intracellular
compartments. In conclusion, our data suggest a protective role for ABCG2 in well-differentiated gallbladder
epithelial cells. Cytoplasmatic accumulation of ABCG2 in poorly differentiated carcinomas might coincide with
malfunctioning of PI3K-signaling pathways during tumor progression.
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Cholelithiasis, and as a complication, acute chole-
cystitis, are among the most common gastrointest-
inal diseases in industrialized countries, while
carcinomas of the gallbladder are quite rare.
Although cholelithiasis is considered an important

risk factor for gallbladder carcinoma, only 1–2% of
patients who have operations for gallstones are
diagnosed with gallbladder cancer at the time of
surgery. The epidemiological characteristics of cho-
lelithiasis and gallbladder cancer are closely related.
Risk factors associated with the formation of
cholesterol gallstones including estrogen exposure,
nutritional factors, obesity, as well as age, ethnic
background, abnormalities in the biliary tract, etc,
are also associated with an increased risk of
gallbladder carcinoma development.1 Additionally,
chemical carcinogens, either of nutritional or
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occupational origin, may contribute to the develop-
ment of this malignancy in humans, and in fact, an
increased risk of gallbladder cancer was found in
people employed in petroleum refining, paper mills,
chemical processing, and textile work.2 However,
the etiology of gallbladder carcinoma is not yet fully
elucidated, and, moreover, despite improvements in
diagnosis, surgery, and chemotherapy, the prognosis
of gallbladder cancer is still poor. Therefore, it is of
great importance to identify mechanisms that could
be involved in protecting tissues in the biliary tract
against harmful compounds of endogenous or
exogenous origin in bile.

In various tissues and organs, members of the
ATP-binding cassette (ABC) transporter family serve
as export pumps for cytotoxic drugs, environmental
agents, and toxins as wells as endogenous com-
pounds including hormones. Since they limit the
intracellular accumulation of these substrates, they
prevent harmful effects on cells and organs.3 In liver,
the ABC export pumps P-glycoprotein (Pgp, MDR1
gene product, ABCB1) and the multidrug resistance-
related protein 2 (MRP2, ABCC2, cMOAT) effec-
tively extrude xenobiotics and breakdown products
from endogenous compounds through the canali-
cular membrane of the hepatocyte into the primary
hepatic bile.4,5 On its way from the canalicular
lumen down to the intestine, primary bile is
modified by epithelial cells lining the bile ducts.6

Therefore, these epithelial cells are exposed to high
concentrations of various, potentially toxic com-
pounds present in bile. As a result, the concentra-
tion gradient between the lumen and intracellular
space supports their reuptake into epithelial cells.
For that reason, powerful efflux pumps are required
to prevent penetration of these compounds into the
tissue. These mechanisms are of particular impor-
tance for the gallbladder epithelium, where bile is
concentrated and stored for a considerable period of
time. In fact, Pgp and MRP2 have been identified in
the apical membrane of gallbladder epithelium,7,8

and cholangiocytes,9 where they may limit the
penetration of bile-borne compounds.

Recently, the ATP-dependent efflux pump
ABCG2, originally cloned from a breast cancer cell
line and called ‘breast cancer resistance protein’,10

gained much interest as a protective factor posi-
tioned at various strategic sites inside the body.
Located at the apical membrane of epithelial cells in
the large and small intestine, the renal proximal
tubulus, hepatocyte canalicular membranes, the
blood–brain barrier, and placental syncytiotropho-
blasts, it limits the uptake of drugs, hormones, and
xenobiotics into the circulation, bile, brain, and
fetus, respectively.11 It is expressed in stem cells in
blood and organs (liver oval cells) providing protec-
tion against toxins, thereby, supporting their
survival.12,13

ABCG2 is a half-transporter, exhibiting a broad
substrate specificity for various anticancer agents,
including mitoxantrone, anthracyclines, and camp-

tothecins.14,15,16 It is implicated in the transport of
endogenous compounds, for example, sulfate con-
jugates of estrogen,17 and its expression can be
modified by estrogen.18 Expression of the transpor-
ter also protects against a certain form of porphyria
characterized by severe phototoxicity, which was
observed in ABCG2 knockout mice after exposure to
a diet rich in the chlorophyll-derived phototoxin
pheophorbide and UV light.19,20 In these ABCG2
knockout mice, the transporter also limits the
exposure to dietary-derived heterocyclic amines,
which act as carcinogens and which are widely
present in protein-rich foods and cigarette smoke.21

Also, unconjugated bilirubin has been proposed as a
substrate for ABCG2.22 Recently, it has been dis-
covered that ABCG2 also mediates sterol transport.23

Therefore, ABCG2 could work in concert with other
half-transporters of the ABCG family implicated in
sterol transport, namely ABCG5 and 8, which have
recently been identified in gallbladder epithelium.24

Moreover, ABCG2 can alter the organization of
phospholipids in the plasma membrane, which in
turn may influence cell surface properties and cell–
cell interactions.25

The function of ABCG2 as an export pump for
anticancer drugs and xenotoxins is consistent with a
subcellular localization in the plasma membrane as
demonstrated in normal and tumor cells as well as
in various tumor cell lines.10,11,26 Although ABCG2
confers multidrug resistance to anticancer drugs in
various tumor cell lines,27 its implication in drug
resistance in tumor patients is not yet fully eluci-
dated. While in most tumors, ABCG2 is located in
the membrane, additional cytoplasmic ABCG2
staining is occasionally seen, for example, in
hepatocellular carcinoma samples,28 and even in
some ABCG2 overexpressing tumor cell lines,
cytoplasmatic staining is seen as well.29 On the
other hand, in malignant tissues like the urinary
bladder, ABCG2 is mainly found in cytoplasmatic
compartments.30

Although ABCG2 is highly expressed in some
tumors, for example, lung cancer, in other tumors,
for example, breast cancer, its expression is quite
low compared to normal ductal breast tissue.31

Therefore, it is not clear whether ABCG2 confers
resistance to anticancer drugs in breast cancer
patients. It is more likely that ABCG2 has a
protective function in normal tissue and this may
be lost in this malignancy. Vanishing of ABCG2
seems to mark the loss of differentiation.32

The reason for the alterations in the subcellular
ABCG2 location in tumors is unknown. Signaling by
the phosphatidylinositol 3-kinase (PI3K)/Akt path-
way might regulate insertion of ABCG2 into the
plasma membrane. This is proposed from experi-
ments in human side population cells of the
hematopoietic system, in which application of a
PI3K inhibitor results in a redistribution of ABCG2
from the membranes into the intracellular compart-
ment.33 Consistent with the role of PI3K in the
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regulation of the subcellular localization of ABC-
transporters, in rat liver cells, the transport of newly
synthesized ABC-transporters, for example, Pgp and
mrp2, to the canalicular membrane, and the func-
tioning of these export pumps at the canalicular
liver cell membrane, depend on PI3K signaling.34

This pathway could also play a role in the insertion
of ABC-transporters into the membrane of other
epithelial cells including gallbladder.

Regarding the significant impact that ATP-depen-
dent efflux pumps such as ABCG2 might have on
the protection of the biliary epithelium, we inves-
tigated the expression of this transporter in the
healthy and diseased gallbladder. Furthermore, we
determined whether membrane insertion of the
transporter is dependent on PI3K signaling.

Materials and methods

Tissues and Tumor Samples

All samples were obtained with the patients’ written
formal consent according to the guidelines of the
ethical committee of the institution.

Normal gallbladder samples (n¼ 3; 1 female/2
males) were derived from healthy liver donors (liver
transplantation). The gallbladder was removed
before livers were transplanted into the recipients.
Cholelithiasis samples were obtained from 10
patients (seven females/three males), who under-
went cholecystectomy for symptomatic gallstone
disease. Chronic inflammatory lesions were seen
in all cases. In all, 41 patients (30 females/11 males)
with an adenocarcinoma of the gallbladder (TNM
classification according to the International Union
against Cancer (UICC) and the American Joint
Committee on Cancer (AJCC)35) underwent either
radical cholecystectomy, where no macro- or micro-
scopic residual tumor was left behind (R0), or a

palliative resection of the tumor (R1). Overall, 20
carcinomas were classified as well-differentiated
(G1), 10 as moderately differentiated (G2), and 11
as poorly differentiated (G3). Clinical characteristics
of patients are summarized in Table 1.

Additional tumor samples were obtained from
two patients with moderately differentiated and two
with poorly differentiated cholangiocarcinoma
(CCC). Normal specimens from extrahepatic bile
ducts and livers (n¼ 3, each) were derived from
autopsy specimens within 12h after death (patients
without liver and gallbladder disease).

For RT-PCR, Western blot and immunofluores-
cence studies (cryosections), tissue samples were
snap-frozen and stored at �801C until use. For
isolation of gallbladder epithelial cells, surgical
samples were kept in Leibovitz L-15 cell culture
medium before cell isolation was carried out (within
2h after removal).

Paraffin sections (fixed with 4.5% formaldehyde)
from patients’ samples were subjected to routine
pathological examination. Parts of these specimens,
which were not required for further diagnosis, were
used for investigations.

RT-PCR

Total RNAwas extracted either from frozen tissue or
freshly isolated GBEC with TRIzol reagent (Invitro-
gen, Paisley, Scotland). cDNAs were prepared
according to standard methods. The following
intron-spanning primers were used: ABCG2
(231 bp): forward: 50-CAA CCA TTG CAT CTT GGC
TG-30, reverse: 50-CAA GGC CAC GTG ATT CTT CC-
30;11 CK19 (433 bp): forward: 50-GTG GAG GTG GAT
TCC GCT CC-30, reverse: 50-TGG CAATCT CCT GCT
CCA GC-30. b-actin served as an endogenous control.
PCR conditions: denaturation at 941C for 30 s,
annealing at 541C (ABCG2) or 581C (CK 19) for

Table 1 Characteristics of patients with gallbladder cancer (n¼41; F/M 31/10)

T classification 1a 1b 2 3 4

Grade 1
F/M 6/0 9/2 1/1 0/1 —
Age 74.3 65 66.5 79 —
Survival 54.7 (41–89) 52 (1–144) 9.5 (6–13) 14 —
R0/R1 5/1 6/5 1/1 0/1 —

Grade 2
F/M — — 5/3 0/1 1/0
Age — — 70.5 62 69
Survival — — 9.5 (3–136) 23 3
R0/R1 — — 2/6 0/1 1/0

Grade 3
F/M — 1/0 1/2 2/1 4/0
Age — 78 73 69 71
Survival — 79 13.7 (6–20) 3.3 (1–5) 5 (1–10)
R0/R1 — 1/0 1/2 0/3 0/4

F, female; M, male.
For age (years) and survival (months) of patients, median values are indicated. Additionally, minimum and maximum survival is also indicated.
Residual tumor stage: R0/R1, complete/incomplete tumor resection.
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1min and extension at 721C for 1min, 35 cycles. For
negative controls, the PCR reaction was performed
without prior reverse transcription. Amplified
cDNA was visualized by ethidium bromide staining
on 2% agarose gels on a Herolab gelscanner
(Wiesbach, Germany).

Antibodies and Fluorescent Probe

The monoclonal antibody against ABCG2, BXP-21
(IgG2a), recognizes a 126 amino-acid peptide sub-
sequence (aa 271–396) of the transporter and was
purchased from Signet (Dedham, MA, USA). The
monoclonal antibody against neutral endopeptidase
(anti-CD 10/CALLA Ab-2) and the monoclonal anti-
body against cytokeratin 19 (clone A53-B/A2.26)
were distributed by Lab Vision-Neo Markers (Fre-
mont, CA, USA). Fluorescence dye-labeled second-
ary antibodies were obtained from Molecular Probes
(Eugene, OR, USA). TRITC-labeled wheat germ
agglutinin (TRITC-WGA) was obtained from Sigma
(Munich, Germany).

Western Blot

Tissues and isolated GBEC were homogenized in
ice-cold lysis buffer (50mM Tris-HCl, pH 7.4, 1mM
EDTA, 2mM EGTA, 1mM dithiothreitol, 1mM
phenylmethylsulfonyl fluoride, 1% Nonidet NP-40,
and combined phosphatase/protease inhibitor cock-
tail (Sigma, St Louis, MO, USA)). After centrifuga-
tion of the crude homogenate at 1500� g for 5min to
remove the cell nuclei, the supernatant was stored at
�801C until use. Protein contents were determined
by a kit from Biorad based on the Lowry method
(Hercules, CA, USA).

Samples containing 100 mg protein were subjected
to electrophoresis on 10% polyacrylamide gels.
Proteins were transferred electrophoretically onto
polyvinylidene fluoride (PVDF) membranes (Pall
Life Sciences, Ann Arbor, MI, USA). After blocking,
blots were probed with antibodies against ABCG2
and CK19 (0.25 and 0.2 mg/ml, respectively). Horse-
radish peroxidase-conjugated isoform-specific IgGs
(Jackson Immuno Research Laboratories Inc., West
Grove, PA, USA) were used as secondary antibodies.
Immunoreactive proteins were visualized on Kodak
X-ray films after treatment of membranes with the
SuperSignals chemiluminescent substrate (Pierce,
Rockford, IL, USA).

Indirect Immunofluorescence and TRITC-WGA
Labeling

Paraffin-embedded tissue sections, 4.5% formalde-
hyde-fixed, were deparaffinized in xylene, and
rehydrated with decreasing concentrations of etha-
nol according to standard methods. After a permea-
bilization step (0.1% PBS-Tween 20, Sigma), which

was introduced to detect possible intracellular
staining, we performed antigen retrieval by boiling
the sections with 10mM citric acid (pH 6.0) for
10min in a domestic microwave oven (600W).
Slides were allowed to cool down for 1h and after
a washing step, blocked, and incubated with
primary antibodies at 41C overnight (antibody
dilutions: ABCG2: 1.25 mg/ml; CD 10: 1:30 tissue
culture supernatant; CK 19: 1 mg/ml). Optimal anti-
body concentrations were determined by titrating
serial antibody dilutions. The dilutions applied
correspond to the minimum concentration revealing
a fluorescence signal.

The following species-specific secondary anti-
bodies were applied: Alexa Fluors 488 (green) and
568 (red) conjugated goat anti-mouse IgGs (Molecu-
lar Probes, Eugene, OR, USA) at recommended
dilutions.

For double-staining experiments, TRITC-WGA
was dissolved in PBS and applied at a final
concentration of 20 mg/ml for 1 h at room tempera-
ture, after incubation of slides with the secondary
antibody. Cell nuclei were stained with 0.5 mg/ml
bisbenzimide/PBS (Hoechst 33342, Sigma). Slides
were rinsed with distilled water, dried, and
mounted with permanent Immuno-Fluore mounting
medium (ICN Biomedicals, Inc., Aurora, OH, USA).

For different types of gallbladder samples, nega-
tive controls were obtained by omitting the first
antibody or by replacing with irrelevant IgGs.

Experiments were also done on cryosections
(4 mm) from frozen specimens. After cutting with a
microtome, sections were air dried for 1h at room
temperature. Sections were fixed for 7min in
acetone at room temperature. All subsequent im-
munofluorescence staining steps were done analo-
gous to that described for paraffin-embedded tissue
sections, but without the necessity of antigen
retrieval.

Sections were viewed on an Axioplan 2 micro-
scope (Carl Zeiss, Jena, Germany). Acquisition of
images was performed using the Axiocam video
camera and the Axiovision 3.1 software (Carl Zeiss
Vision, Munich, Germany). In order to avoid back-
ground signals, the exposure times for the indivi-
dual antibody staining were evaluated for a certain
magnification and kept constant between the
samples.

For evaluation of immunofluorescence staining,
three different staining patterns were selected: (a)
staining of the plasma membrane in 470% of cells,
(b) plasma membrane and cytoplasmic compart-
ments in 470% of cells, and (c) cytoplasmic
staining (when membrane staining was absent in
470% of cells).

Statistical Evaluation

Analysis of the subcellular ABCG2 staining pattern
was performed using the w2 test and the SPSS (SPSS,
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Inc. Chicago, IL, USA) package. A difference was
considered statistically significant at Po0.05.

Isolation of Gallbladder Epithelial Cells (GBEC) and
Wortmannin Treatment

For isolation of epithelial cells, normal gallbladder
tissue was stored for a maximum of 2h after the
resection of the organ in Leibovitz L-15 cell culture
medium supplemented with 10% fetal bovine
serum (Invitrogen, Carlsbad, CA, USA) and 1%
penicillin/streptomycin (PAN Biotech, Aldenbach,
Germany). Epithelial cells were isolated by diges-
tion of gallbladder tissue with collagenase IV
(690U/ml; Sigma, St Louis, MO, USA) combined
with hyaluronidase (85U/ml; Sigma) in Leibovitz
medium without serum for 12h at 41C and 1h at
371C. Thereafter, cell aggregates were collected by
centrifugation at 1500� g for 10min. Epithelial
origin of cells was proven by immunofluorescence
staining with the anti-CK19 antibody.

From a normal gallbladder, GBEC were freshly
isolated and incubated at 371C with 10 and 100nM
of the PI3K inhibitor wortmannin for 1h, respec-
tively. Control GBEC were incubated without wort-
mannin in the presence of the vehicle (DMSO). All
incubations were performed in triplicate. Directly
after the treatment of GBEC, cells were fixed in
suspension by different methods (4% paraformalde-
hyde for 30min; acetone for 7min, both at room
temperature; methanol for 10min and acetone for
1min at �201C), in order to exclude the possibility
of artifact formation. Samples were permeabilized
by 0.1% saponin prior to antibody application.
Indirect immunofluorescence was performed as
described above.

Results

ABCG2 mRNA and Protein Expression in Human
Gallbladder

First, we investigated whether ABCG2 is present in
human gallbladder. By application of ABCG2-
specific primers in RT-PCR experiments, significant
expression of ABCG2 mRNA was found in samples
from normal and cholelithiasis gallbladder as well
as gallbladder adenocarcinoma. Studies were ex-
tended to extrahepatic bile ducts and cholangio-
carcinoma (CCC), revealing also ABCG2 expression
(Figure 1a).

Application of the monoclonal anti-ABCG2 anti-
body BXP-21 in Western blots clearly demonstrated
that ABCG2 protein is present at considerable levels
in normal, cholelithiasis, and malignant gallbladder
as well as in extrahepatic bile ducts and CCC (Figure
1b). In all specimens, the amount of ABCG2 mRNA
expression correlated well with the protein levels.
PCR and Western blot analysis were done in whole
tissue samples, but the high expression of CK19, a

marker for the biliary epithelium,36 indicates that in
the individual samples, a substantial part of RNA
and protein used in the analysis is of epithelial
origin. Therefore, it is likely that ABCG2 mRNA and
protein are also derived from the biliary epithelium.
This assumption was further confirmed by studies
in freshly isolated gallbladder epithelial cells
(GBEC) in which significant expression of ABCG2
mRNA and protein was found (Figure 1a and b).

Immunolocalization of ABCG2 in Normal Human
Gallbladder

The subcellular distribution of ABCG2 was assessed
by indirect immunofluorescence. Immunoreactivity
of ABCG2 was seen at the luminal membrane of
gallbladder epithelial cells (Figure 2), when the
BXP-21 antibody was applied to either frozen
(Figure 2a) or paraffin-embedded (Figure 2b) speci-
mens derived from a normal gallbladder. Luminal
staining is particularly obvious in the paraffin
section in which the morphology is better conserved
than in the frozen tissue section. No differences in
the subcellular localization or in the degree of
expression were observed after the formaldehyde-

Figure 1 Analysis of ABCG2 and CK19 mRNA (a) and protein (b)
expression in normal gallbladder (Gb), isolated gallbladder
epithelial cells (GBEC), cholelithiasis (Chol), Gb adenocarcinoma
(GbCa), extrahepatic bile duct (Ductus choled) and cholangio-
carcinoma (CCC) specimens by RT-PCR and Western blotting. The
amplicon size of ABCG2 was 231 and 433bp for cytokeratin
(CK) 19 (a). A single immunoreactive band for ABCG2 was
detected at approx. 70 and at 40 kDa for CK 19 in all samples (b).
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fixation and antigen retrieval procedure, if samples
were monitored with a given exposure time for a
certain magnification. As demonstrated in Figure 2c,
epithelial cells were identified by staining with the
anti-CK19 antibody. In the negative controls, pri-
mary antibodies were replaced by irrelevant IgG. No
ABCG2-derived staining was observed under these
conditions. Only blue fluorescent nuclei stained
with Hoechst dye are visible (Figure 2d).

Subcellular Localization of ABCG2 in Diseased and
Malignant Gallbladder

Further indirect immunofluorescence experiments
were performed to investigate the subcellular loca-
lization of ABCG2 in paraffin-embedded gallbladder
sections from patients with cholelithiasis and
adenocarcinomas of the gallbladder (Figures 3
and 4).

Using the monoclonal BXP-21 antibody, an Alexa
488-labeled secondary antibody, and the TRITC-
labeled lectin, wheat germ agglutinin (WGA), as an
apical marker,37 we saw that in highly dedifferen-
tiated tumor samples, the ABCG2 protein was
located in the cytoplasm as well. Apical colocaliza-
tion was monitored in cholelithiasis (Figure 3a) and
gallbladder carcinoma specimens displaying high
(Figure 3b) and poor (Figure 3c) differentiation
grades. In the cholelithiasis and highly differen-
tiated gallbladder carcinoma, the green ABCG2-
derived fluorescence is located at the apical mem-
brane and overlaps with the red staining from the
TRITC-labeled WGA resulting in a yellow to orange
rim on the luminal side of epithelial cells (see last
column, where epithelial cells can be recognized by
the blue fluorescence of their nuclei).

In the poorly differentiated tumor, ABCG2 is
additionally located in the cytoplasm of the majority
of gallbladder epithelial cells. While its localization

Figure 2 Subcellular localization of ABCG2 in gallbladder epithelium by indirect immunofluorescence. Green fluorescence indicates
apical localized ABCG2 on a frozen (a) and a paraffin-embedded normal gallbladder section (b). Gallbladder epithelium is identified by
red CK19 staining (c). The negative control (d) only displays blue fluorescence of cell nuclei. Original magnification: (a) � 100, (b) � 200,
(c, d) � 125.

ABCG2 in the biliary tract
S Aust et al

1029

Laboratory Investigation (2004) 84, 1024–1036



in the luminal membrane is again given by the
orange to yellow color in the overlay picture, the
green intracellular ABCG2 staining becomes promi-
nent inside the epithelial cells. This is also
indicated by the turquoise nuclei in the last column
(last picture), where the blue-stained nuclei and the
green ABCG2 fluorescence overlap.

In Figure 4, we show additional studies on the
subcellular localization of ABCG2 in grade (G) 1, 2,
and 3 tumors and a comparison with ABCG2
localization in cholelithiasis. Representative tumor
samples with high expression of ABCG2 (green
fluorescence) from each histological grade and a
cholelithiasis sample are displayed in the left
picture row. Again, in the cholelithiasis specimen,
ABCG2 is found in the apical membrane. This was
true for all cholelithiasis samples investigated
(n¼ 10), and the ABCG2 staining pattern is not
different from the pattern observed in the normal
gallbladder (compare Figure 2).

Also, while ABCG2-derived fluorescence is found
in the membrane in the G1 carcinoma specimen,
localization in the intracellular space in addition to
membrane staining is seen in dedifferentiated
tumors of G2 and G3. Particularly, in the G3 tumor,
membranous staining is hardly observable, while
fluorescence in the intracellular space is prominent.

This raises the question of whether in dediffer-
entiated tumors, in addition to ABCG2, a marker
enzyme of the apical gallbladder membrane, the
neutral endopeptidase,7 might vanish from the
membrane and be located in the intracellular space.
As demonstrated in the right picture row of Figure 4,
the red fluorescence signal remains membranous
(apical membrane). However, in the grade 3 tumor,
due to the distraction of the normal architecture,
neutral endopeptidase staining could not be defined
as luminal or apical.

Gallbladder Carcinoma Patients

In total, we investigated 41 gallbladder carcinoma
patients with a median age of 69 years and with
different tumor grades and stages. Clinical data are
summarized in Table 1 and indicate the poor
prognosis of this malignancy even after a complete
resection of the tumor. This was also observed
previously.2 In our study, longest median survival
is 54.7 and 52 months and it is seen in patients with
well-differentiated tumors (histological G1 and T1a
and 1b). For patients with poorly differentiated (G3),
advanced (T3, 4) tumors, the survival period is
reduced to less than 10 months. To take these data

Figure 3 Apical colocalization of green ABCG2 immunofluorescence and red TRITC-labeled wheat germ agglutinin (WGA) on paraffin
sections from human gallbladder specimens. Samples comprise cholelithiasis (a), a high- (b) and a low- (c) differentiated gallbladder
carcinoma. Yellow staining indicates overlay of green ABCG2 and red TRITC-WGA fluorescence. Cell nuclei are stained blue with
Hoechst 33342. Note that in the overlay picture of the low differentiated gallbladder carcinoma (c, overlayþnuclei), blue nuclei appear
turquoise due to the green ABCG2 staining of the cell interior of epithelial cells. Original magnification: (a) � 125, (b) �200, (c) � 100.
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Figure 4 Immunolocalization of ABCG2 (left pictures, green fluorescence) and the apical marker neutral endopeptidase (CD10) (right
pictures, red fluorescence) in representative specimens from patients with gallbladder adenocarcinoma grade 1, 2, and 3 (G1-3) and a
cholelithiasis patient (Chol). While in the grade 1 tumor and cholelithiasis specimens, ABCG2 staining is prominent at the luminal
membrane, additional cytosolic staining occurs in dedifferentiated grade 2 and 3 samples. CD10 is membrane-localized independent on
the degree of dedifferentiation. Original magnification: (G1) � 160, (G2) �125, (G3) �100, (Chol, left picture) �100, (Chol, right picture)
�160.
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into consideration, we grouped the specimens
according to the degree of differentiation (G1–G3)
for the analysis of ABCG2 staining (Table 2).

In Table 2, the subcellular localization of ABCG2
in the carcinoma patients is summarized. Data are
given with respect to grading and staging of tumors.
In G1 tumors (n¼ 20), ABCG2 is located in the
luminal membrane, and resembles the staining
pattern observed in normal gallbladder and in
cholelithiasis samples.

By contrast, in G2 tumors (n¼ 10), in seven
samples, ABCG2 staining is still visible at the
luminal membrane, but is also present in intracel-
lular areas. In two samples, only membrane staining
is observed and in one sample, ABCG2 is below the
detection limit.

In highly dedifferentiated (G3) tumors (n¼ 11),
the green fluorescence becomes intense within the
cells, but is still additionally present on the
membrane in six samples. In three specimens,
ABCG2 is only still detectable in the cytoplasm.
Remarkably, however, in two samples, it was still at
the plasma membrane.

Subcellular localization of ABCG2 does not seem
to relate to the tumor stage, as luminal staining was
found in patients with well-differentiated (G1)
tumors in both an early (T1) and advanced stage
(T2–4). In patients with advanced tumors (T2–4),
double localization (membrane and cytoplasmic
compartments) is frequent, and this could be related
to the fact that the majority of these tumors are also
characterized by a poor histological grade (G2–3).

At a given time of exposure, the intensity of the
green fluorescent signal indicating high or low
ABCG2 expression levels varied within the indivi-

dual gallbladder samples, but in the carcinoma
samples, a definite trend regarding the tumor grade
or stage could not be found. In contrast to normal
and cholelithiasis samples, a majority of which
displayed intense fluorescence, strong ABCG2 stain-
ing was only seen in 11 of 41 gallbladder carcinoma
specimens.

Cholangiocarcinoma

To compare the ABCG2 staining pattern in gallblad-
der epithelium to that in other epithelia in the
biliary tree, we monitored the subcellular localiza-
tion of ABCG2 in proliferating bile ducts in
cholangiocarcinoma specimens (CCC) (Figure 5).
Proliferating bile ducts were identified by the
expression of CK19 (Figure 5, right pictures).38

ABCG2 is present in the apical membrane of normal
bile ductular cells (see insert), but is found in the
cytosol in addition to the membrane in CCC cells of
G2 and G3 tumors (Figure 5, left pictures).

Translocation of ABCG2 in GBEC

To investigate whether membrane localization of
ABCG2 in gallbladder epithelium might be sensitive
to the inhibition of phosphatidylinositol 3-kinase
(PI3K), we isolated gallbladder epithelial cells and
studied the influence of the PI3K inhibitor wort-
mannin on the translocation of ABCG2 by indirect
immunofluorescence. Application of wortmannin in
concentrations that do not inhibit kinases others
than PI3K (10 and 100nM wortmannin for 1h)
caused a pronounced ABCG2 staining in the
intracellular compartment, visible as vesicular
structures in the cytoplasm in these cells. Membrane
staining for ABCG2, as clearly visible in the control
GBEC, is no longer present. This indicates that
membrane localization is sensitive to PI3K inhibi-
tion (Figure 6, green fluorescence). Again, CK19
served as an epithelial marker (Figure 6, red
fluorescence).

Discussion

In the present study, the expression of the ABCG2
efflux pump was demonstrated in healthy and
diseased gallbladder epithelium and gallbladder
adenocarcinoma in 54 human samples. ABCG2 is
located at the luminal plasma membrane of epithe-
lial cells in normal, cholelithiasis, and well-differ-
entiated carcinomas of the gallbladder, while in
advanced gallbladder adenocarcinomas with poor
histological grades, both, membrane and cytoplas-
mic ABCG2 immunoreactivity was observed in the
majority of specimens. Additional studies in iso-
lated gallbladder epithelial cells indicated that
membrane insertion of the transporter is sensitive
to PI3K inhibition.

Table 2 ABCG2 expression pattern and its clinicopathologic
correlation in gallbladder carcinomas

T classification No. Membrane Membrane
and

cytoplasm

Cytoplasm

Grade 1 20 20 0 0
T1a 6 6 0 0
T1b 11 11 0 0
T2 2 2 0 0
T3 1 1 0 0

Grade 2 10 2 7 0
T2 8* 2 5 0
T3 1 0 1 0
T4 1 0 1 0

Grade 3 11 2 6 3
T1b 1 1 0 0
T2 3 0 2 1
T3 3 0 1 2
T4 4 1 3 0

Total 41 24 13 3

Significance of subcellular localization in grade 1 vs grade 2 and 3
tumor samples: membrane localization (Po0.01); localization in
membrane and cytoplasm (Po0.01); localization in cytoplasm
(Po0.01).
*In one sample, ABCG2 could not be evaluated.
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The pronounced expression of ABCG2 in the
luminal membrane of gallbladder epithelial cells is
evidence of the important role of this efflux pump. It
is likely that it mediates protection from xenotoxins,
drugs, porphyrins, as well as from degradation
products from various endogenous and exogenous
sources present in high concentrations in bile. It also
points to the importance of the biliary tract
epithelium, where specialized mechanisms are
active in the modification of primary hepatic bile.39

In gallbladder as well as in other parts of the
biliary tract, not only ABC-transporters such as
ABCG2 form an efficient barrier, but also phase I
and II drug-metabolizing enzymes, which are hetero-
genously distributed in the biliary tract epithelium,
cooperate to support the excretion of various
xenotoxins by the formation of more water-soluble
and less active compounds.40 However, it should
also be kept in mind that biotransformation enzymes

can create potentially harmful metabolites and
carcinogens. In this case, ATP-dependent efflux
pumps are urgently required to prevent further
injuries in the biliary tract.

ABCG2 could also be involved in the transport of
sterols. The transporter might assist ABCG5/ABCG8
to prevent excessive cholesterol absorption into the
gallbladder epithelium, particularly under condi-
tions, where cholesterol concentrations in gallblad-
der are rising, for example, in the interdigestive
phase.24 As neither a difference in the expression
nor in the cellular localization of ABCG2 in normal,
cholelithiasis, and well-differentiated adenocarci-
nomas was observed in our study, ABCG2 is
unlikely to participate in the pathogenesis of
cholelithiasis and gallbladder carcinoma with re-
spect to common risk factors.1,41

An important finding in our study was that in
advanced gallbladder carcinoma tissue, and also in

Figure 5 Immunofluorescence staining of ABCG2 and cytokeratin (CK) 19 in cholangiocarcinoma (CCC) grade 2 (G2) and grade 3 (G3).
Green fluorescence indicates membranous and additional cytoplasmic ABCG2 staining in the advanced grade 2 and 3 tumors. Luminal
localization of ABCG2 in a normal human liver bile duct is displayed in the insert. Identification of proliferating bile ductular cells was
performed by red CK19 staining (right pictures). Original magnification: (G2) �250, (insert) � 250, (G3, left picture) �125, (G3, right
picture) �100.
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poorly differentiated CCC, ABCG2 is located in the
intracellular compartment in addition to the mem-
brane. The decline of membrane localized ABCG2 in
these poorly differentiated carcinomas might sug-
gest that ABCG2 is no longer working as a plasma
membrane efflux pump in these tumors. This
assumption is supported by data of a recent study
in mice primary bronchial smooth muscle cells,
where ABCG2 located in the cytoplasm does not
efflux Hoechst dye 33342, a well-known ABCG2
substrate.42 Also, impaired membrane localization
caused by single-nucleotide polymorphisms results
in a decline of ABCG2 ATPase activity.43 Whether
this applies to ABCG2 function in the in vivo
situation must be established.

In any case, adenocarcinomas of the gallbladder
and other tumors of the biliary tract are character-
ized by a high degree of intrinsic chemoresistance
against various chemotherapy regimens.44 So far,
significant responses to the chemotherapy of gall-
bladder carcinoma were only reported from a

combined therapy with two non-ABCG2 substrates,
gemcitabine and cisplatin.2

All gallbladder carcinomas tested in this study
were derived from patients without prior exposure
to chemotherapy. Therefore, intracellular ABCG2
staining is not a result of the medication. As the
localization of the neutral endopeptidase is not
affected by dedifferentiation, ABCG2 translocaliza-
tion may be caused by a selective cellular signaling
pathway. In polarized cells, for example, hepato-
cytes, newly synthesized ABC-transporters of the
apical membrane are either delivered directly from
the Golgi to the apical pole or inserted into the
basolateral membrane before being redistributed to
the apical side by transcytosis.45 PI3K has been
implicated in the regulation of the insertion of ATP-
dependent transport proteins into the canalicular
membrane of hepatocytes. This process is sensitive
to the inhibition of the kinase by wortmannin.34

Analogous to its effect on transporter insertion in
hepatocytes, in biliary epithelial cells, PI3K signal-
ing regulates membrane transport processes (ATP-
and chloride efflux) as well.46 Additionally, in
hematopoetic stem cell side populations in mice,
PI3K-Akt-mediated regulation of ABCG2 expression
might be a mechanism by which stem cells are
protected from naturally occurring genotoxic com-
pounds.33

We demonstrate by indirect immunofluorescence
in isolated GBEC that the application of wortmannin
results in ABCG2 translocation into intracellular
vesicles, indicating that PI3K signaling is also
important for ABCG2 membrane insertion in gall-
bladder epithelium. As PI3K controls the reorgani-
zation of the actin cytoskeleton during the course of
malignant transformation processes, membrane loss
of ABCG2 might coincide with a loss of interaction
between ABCG2 and ezrin–radixin–moesin (ERM)
protein complexes and PDZ-domains at the mem-
brane-cytoskeleton interface. An analogous mechan-
ism was demonstrated for the ABC-transporter mrp2
in the hepatocyte canalicular membrane.47 While
the ERM protein radixin is present in hepatocytes,
another ERM-protein, ezrin, is highly expressed in
bile ductular cells.48

In summary, the significant expression of ABCG2
in gallbladder epithelial cells suggests a protective
role for ABCG2 in this organ. Disturbed PI3K
signaling during tumor progression might explain
the altered subcellular localization of ABCG2 in
samples from patients with poorly differentiated
gallbladder carcinomas.
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Figure 6 ABCG2 translocation in isolated gallbladder epithelial
cells (GBEC) by wortmannin. GBEC were isolated from normal
gallbladder and cultured in the absence or presence of 100nM
wortmannin for 1h. ABCG2 was detected by the BXP-21 antibody
either on the membrane in untreated cells or in intracellular
vesicles in treated cells. Expression of the epithelial marker CK19
proved the epithelial origin of isolated GBEC. Original magnifica-
tion: � 800.
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