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BCRP protects ASCs against ischemic damage

Abstract
Adipose tissue derived stem cells (ASCs) are promising candidates for regenerative therapy, like after
myocardial infarction. However, when transplanted into the infarcted heart, ASCs are jeopardized by the
ischemic environment. Interestingly, it has been shown that multi drug resistance (MDR) proteins like the
breast cancer resistance protein (BCRP) and P-glycoprotein (P-gp) have a protective effect in
haematopoietic stem cells. In ASCs however, only expression of BCRP was shown until now. In this study
we therefore analyzed the expression and functional activity of BCRP and P-gp, and their putative
function in ischemia in ASCs. BCRP and P-gp protein expression was studied over time (passage 2-6) using
western blot analysis and immunohistochemical staining. MDR activity was analyzed using protein
specific substrate extrusion assays. Ischemia was induced using metabolic inhibition. All analyses
demonstrated protein expression and activity of BCRP in ASCs. In contrast, only minor expression of P-gp
was found, without functional activity. BCRP expression was most prominent in early passage ASCs (p2)
and decreased during culture. Furthermore, ischemia induced expression of BCRP. In addition, when
BCRP was blocked, a significant increase in dead ASCs was found already after 1 hour of ischemia. In
conclusion, ASCs expressed BCRP, especially in early passages. In addition, we now show for the first time
that BCRP protects ASCs against ischemia induced cell death. These data therefore indicate that for
transplantation of ASCs in an ischemic environment, like myocardial infarction, the optimal stem cell
protective effect of BCRP theoretically will be achieved with early culture passages ASCs.
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Introduction
Adipose tissue derived stem cells (ASCs) are promising candidates for regenerative therapy, for example
after myocardial infarction.[1-4] ASCs are of mesenchymal origin, show high proliferation rates in
culture, and in contrast to bone marrow mesenchymal stem cells, can more easily be harvested in larger
quantities.[5-7] ASCs also have been shown to have the capacity to differentiate towards several cell
types, amongst which endothelial cells and cardiomyocytes [1,8]. Furthermore, we and others have
previously shown that in vivo ASCs reduce infarct size and improve cardiac function after
infarction.[2,3,9] This thus makes ASCs very suitable as a therapeutic agent after myocardial infarction.
However, at the same time it is known that after transplantation only a low percentage of the ASCs are
retrieved in the infarcted area, due to the ischemic and inflammatory environment in which these cells
are injected.[10,11]
Interestingly, it has been shown that multi drug resistant proteins (MDR), like P-glycoprotein (Pgp) and breast cancer resistance protein-1 (BCRP) protect haematopoietic stem cells in harmful
environments.[12,13] P-gp (ABCB1, multi drug resistance protein-1), is a 170-kDa membrane associated
protein. Like most MDR proteins P-gp is a full transporter, indicating that the transporter consist of two
parts, each with a transmembrane domain and a ATP binding region. In contrast to P-gp, the 72-kDa
BCRP (ABCG2) is a half transporter, containing only one transmembrane domain and one ATP binding
region.[14-16] Both proteins as such play a role in removing a broad range of damaging substances and
metabolites.[14,15] Even more BCRP was found to improve survival of haematopoietic stem cells during
hypoxia.[17] We therefore wondered whether MDR proteins would also play a protective role in ASCs. In
ASCs until now only BCRP expression was demonstrated using FACS analysis.[18,19] However, it has not
been studied whether this BCRP protected ASCs. As also P-gp was detected in haematopoietic stem cells,
we analyzed in the present study the expression and activity of both BCRP and P-gp in ASCs. We
additionally studied whether ischemia affected MDR protein expression and whether these proteins
protected ASCs during ischemia.

Materials and Methods
Adipose stem cell isolation and culture
Human subcutaneous adipose tissue samples were obtained as waste material after elective surgery and
donated upon informed consent of the patients from three clinics in the Netherlands (Tergooi Ziekenuis,
Hilversum; Jan van Goyen Kliniek, Amsterdam; the VU University Medical Center, Amsterdam). Adipose
tissue was stored in sterile phosphate-buffered saline (PBS, Braun, Melsungen, AG, USA) at 4°C and
processed within 24 hours after surgery as described previously.[8] In brief, adipose tissue was
enzymatically digested using 0.1% collagenase A (Roche Diagnostics GmbH, Mannheim, Germany) in PBS
containing 1% bovine serum albumin (BSA; Roche Diagnostics) for 45 minutes at 37°C under intermittent
shaking. To remove contaminating erythrocytes the cells were subjected to ficoll density centrifugation
(lymphoprep, =1.077 g/ml, Osmolarity 280 ± 15 mOsm; Axis-Shield, Oslo, Norway).
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Cells were seeded at 1x105 cells/cm2 and cultured in Dulbecco’s Modified Eagle’s Medium (DMEM;
BioWhittaker, Cambrex, Verviers, Belgium) containing 10% fetal bovine serum (FBS; HyClone, South
Logan, UT, USA), 100 U/ml penicillin, 100 g/ml streptomycin, 2 mM L-glutamine (all from Gibco,
Invitrogen, California, USA), in a humidified atmosphere of 5% CO2 at 37°C. Media were changed twice a
week. When reaching 80-90% confluency, cells were detached with 0.5 mM EDTA/0.05% trypsin (Gibco),
for 5 minutes at 37°C, and replated. Cells were used between passage 2 and 6, since from passage 2 on a
homogenous population of adipose derived stem cells was found.[5]

Culture of control cells
The following cell lines with overexpression of MDR proteins were used as positive controls: MCF-7/MR
(BCRP) and SW1573/2R160 (P-gp). Cells were kept under drug exposure by culturing them in
mitoxantrone (1.8 mM) for MCF7/MR cells, and doxorubicine (0.16 µM) for SW-1573/2R160 cells.[20]
The MCF7/MR cell line was cultured in RPMI medium (BioWhittaker) containing 10% fetal FBS (HyClone),
penicillin, streptomycin, and L-glutamine (all from Gibco), whereas SW-1573/2R160 cells were cultured
in DMEM (BioWhittaker) containing 10% fetal FBS (HyClone), penicillin, streptomycin, and L-glutamine
(all from Gibco).

Immunocytochemistry
Cytospin slides were prepared as described previously, by spinning 104 ASCs for 5 min at 500 rpm
(Shandon cytospin 3, Thermo Scientific, Waltham, MA, USA).[21] Slides were air-dried overnight and
fixed with acetone for 10 minutes. Slides were incubated with either rat antibodies against human BCRP
(Bxp53, 1:50, kindly provided by G scheffer, VUMC, the Netherlands), or with mouse antibodies against
human P-gp (JSB-1, 1:50, kindly provided by G scheffer, VUMC, the Netherlands) in PBS containing 1%
BSA (PBS/BSA) for 1.5 hours at room temperature. Next, slides were incubated with biotin-conjugated
rabbit-anti-rat antibodies for BCRP, or rabbit-anti-mouse antibodies for P-gp (1:200, Dako Cytomation,
Glostrup, Denmark) for 30 minutes, and then with streptavidin/HRP (1:500, Dako) for 1 hour. Staining
was visualized using 3-amino-9-ethylcarbazole (Zymed AEC kit, Invitrogen). Finally the sections were
counterstained with hematoxylin and covered. Control sections were incubated with PBS instead of the
primary antibody.

Substrate extrusion assays and MDR protein blockers
To study functional activity of MDR proteins, substrate extrusion assays were essentially performed as
described previously.[22] In brief, cells were incubated for 2 hours at 37°C in DMEM with protein specific
fluorescent substrates (all FITC), and with/without protein specific blockers. Then cells were washed and
after 1 hour of extrusion, fluorescence was quantified by flow cytometry using a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA). Substrates used were Bodipy-prazosin (0.025µM)
for BCRP, and Syto 16 (0.01µM) for P-gp. Blockers used were respectively KO-143 (0.2µM) for BCRP, and
P121 (10µM) for P-gp.
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Ischemia
Ischemia was mimicked by metabolic inhibition.[23] Cells were incubated in a metabolic inhibition
buffer, containing 0.9 mM CaCl2 -H2O, 20 mM 2-deoxy-D-glucose (Sigma, St. Louis, MO), 106 mM NaCl, 5
mM NaCN, 3.8 mM NaHCO3, 4.4 mM KCl and 1 mM MgCl2-H2O in H2O, pH 6.6 at 37°C in a humidified
atmosphere.[23]

Viability assay
Cell viability was analyzed using flow cytometry. Cells (attached- as well as detached cells) were collected
and stained with annexin V-FITC (1:40, Bender Med Systems, Vienna, Austria) for 30 minutes at 37C in
serum-free medium. Annexin V was used to assess flip-flop of the cell membrane. Propidium iodide was
added immediately prior to measurement (PI; 1:40, Bender Med Systems) and was used to assess
membrane permeability, and thus cell death. Cells were analyzed using a FACSCalibur flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA). Cells negative for both annexin V and PI are viable.[23]

Western blot analysis
To analyze MDR protein expression over time, Western blot analysis was performed in passage 2-6 ASCs.
To investigate the effect of ischemia on MDR protein expression, cells were subjected to 1 or 5 hours of
metabolic inhibition. Western blot analysis was performed as described previously.[24] Per sample, 40
mg of total cell lysate, as quantified using the BCA protein assay kit (Pierce, Rockford, IL, USA), was
subjected to SDS-PAGE, and transferred to nitrocellulose membranes. Primary antibodies used were rat
antibodies against human BCRP (Bxp53, 1:100, kindly provided by G scheffer, VUMC, the Netherlands),
mouse antibodies against human P-gp (JSB-1, 1:200, kindly provided by G scheffer, VUMC, the
Netherlands), and mouse antibodies against alpha tubulin (1:1000, ABCAM). Secondary antibodies used
were biotin-conjugated rabbit-anti-mouse or swine-anti-rat antibodies (Dako Cytomation, 1:500) for the
MDR proteins, and HRP-conjugated rabbit-anti-mouse antibodies for tubulin (Dako Cytomation, 1:1000).
Finally for the detection of the MDR-protein expression streptavidin/HRP (1:500, Dako) was used. Blots
were visualized by enhanced chemiluminescence (1:40, ECL; Amersham Bioscience AB, Buckinghamshire,
UK), and protein quantified using a charge couple device camera (Fuji Science Imaging Systems) in
combination with AIDA Image Analyzer software (Isotopenmessgeräte; Staubenhardt, Germany). When
quantifying MDR protein expression, expression was corrected for tubulin expression.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 4 software. A t-test, ANOVA or repeated
measures with Bonferoni post-test were used for analysis. A p-value smaller than 0.05 was considered to
be statistically significant. In the text and figures values are given as mean  standard error.
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Results
BCRP expression decreases during culture of ASCs
To investigate putative expression of P-gp and BCRP in ASCs, immunocytochemical staining was
performed on cytospin slides. Positive control cell lines (MCF-7/MR and SW1573/2R160) with
overexpression of respectively BCRP and P-gp stained positive for these particular proteins (Figure
1A+B). Also evident expression of BCRP was found on the majority of ASCs in passage 2 (see Figure 1C),
however, expression decreased during culture (Figure 1D, passage 6). It has to be noticed that in passage
6 not only less ASCs were BCRP positive, but there was also a decrease in BCRP expression level per cell.
In contrast with the positive control cell line MCF-7/MR, in which BCRP mainly was found on the plasma
membrane and cytoplasm, BCRP staining in passage 2 ASCs was most prominent in the (peri)nuclear area
(figure 1C). In passage 6 ASCs, however, BCRP was no longer detected in the (peri)nuclear area and was
only found as intranuclear dots (Figure 1D). In contrast, staining for P-gp in passage 2 ASCs (Figure 1E),
was limited, and was found in only half of the donors. Even then staining was limited to the cytoplasm,
and was neither found on the plasma membrane nor in the (peri)nuclear area. At later passages no
expression of P-gp was detected (not shown).

Figure 1: Imunocytochemistry for BCRP and PGP in ASCs. Representative images of immunohistochemical staining for
BCRP and PGP in positive control cells, and in ASCs cells from a single donor. A) BCRP staining in MCF-7/MR cells, showing
expression of BCRP (arrows). B) PGP staining in SW1573/2R160 cells, showing expression of PGP (arrows). C) BCRP staining
in passage 2 ASCs, arrows indicate (peri)nuclear staining, D) BCRP staining in ASCs passage 6 was decreased in the
percentage of positive cells, as well as in the positivity per cell, as compared with passage 2 (arrows), E) PGP staining in
ASCs passage 2, only limited positive staining for PGP was detected in the cytoplasm of ASCs (arrows). MDR-proteins are
shown in red (AEC staining). Nuclei are shown in blue. Original magnification (A-E): 100x.
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To further investigate and quantify MDR protein expression over time during culture, Western blot
analysis was performed in ASCs derived from passage 2-6, and MDR protein expression was corrected for
tubulin expression (Figure 2). Positive control cell lines, MCF-7/MR and SW1573/2R160, showed high
expression of respectively BCRP and P-gp (Figure 2). In accordance with immunocytohemical staing,
BCRP was mainly found in passage 2 ASCs and decreased during culture (Figure 2A). In contrast, no P-gp
protein was detected in ASCs in any of the passages, using western blot analysis (Figure 2B, n=4). To
analyze the protein loss of BCRP over time, expression levels at passage 2, 4 and 6 were quantified. A
significant decrease was found in BCRP expression at passage 6 compared with passage 2 (decrease 63 
19%, Figure 2C, n=7, p<0.05). Therefore further functional analysis was performed in passage 2 cells
only.

Figure 2: BCRP expression decreases during culture. Western blot images of ASCs from the same donor during culture p2p6: A) BCRP, and B) PGP. + = positive control (BCRP: MCF-7/MR, PGP: SW1573/2R160), p indicates passage number. C)
Relative BCRP protein expression over time as quantified using western blot analysis (expression at p2 is set at 100%), n=7,
* P<0.05 compared to p2.
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We next analyzed functional activity of BCRP and P-gp proteins, using a FACS based extrusion assay.[22]
In this assay, it was analyzed whether specific inhibitors of the MDR-proteins could inhibit extrusion of a
fluorescent substrate specific for these particular MDR proteins, resulting in an increased intracellular
fluorescent signal. In the BCRP overexpressing cell line, its specific inhibitor (KO-143) induced an increase
in fluorescent signal of 94  33%. In the P-gp overexpressing cell line, its specific inhibitor (P121) induced
an increase of 434100%. In passage 2 ASCs, we only found a small increase in fluorescent signal of 14 
11% after blocking BCRP using KO-143, indicating that only a low amount of protein was extrused from
the cell trough BCRP, which might be explained by the peri-nuclear expression of BCRP (n=3). No
increase of fluorescence was found after blocking for P-gp (n=3), indicating that P-gp does not play an
important active role in ASCs. For this, we suggest that only BCRP plays a role in ASCs.

BCRP protein expression increases after metabolic inhibition
Since BCRP was significantly expressed intracellular, we further focused on BCRP. We wondered whether
ischemia, mimicked by metabolic inhibition, would affect BCRP expression, as MDR proteins theoretically
can protect cells in harmful environments.[17] We therefore quantified BCRP expression in passage 2
ASCs after 1 and 5 hours of metabolic inhibition, using western blot analysis. We found that expression
of BCRP proteins was increased in passage 2 ASCs after 1 hour of metabolic inhibition up to 246  77%,
as compared to untreated cells (set to 100%), although this difference was not significant (p=0.12, Figure
3). However, after 5 hours of metabolic inhibition expression of BCRP was significantly increased up to
519  205% as compared to untreated cells (n=8 , p<0.05).

Protein expression (%)

bcrp
700
600
500
400
300
200
100
0

*

0
1
5
metabolic inhibition (hours)

Figure 3: BCRP expression increases during metabolic inhibition. Relative BCRP protein expression after 1 and 5 hours of
metabolic inhibition as quantified using western blot analysis (expression of control ASCs was set at 100%), n=8, * P<0.05
compared to control cells.
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BCRP protects ASCs against metabolic inhibition
Since BCRP was upregulated after metabolic inhibition, we subsequently analyzed whether BCRP had a
functional role in metabolic inhibition. For this we analyzed the effect of blocking BCRP on the number of
viable cells after ischemia, by subjecting ASCs to 1 or 5 hours of metabolic inhibition. In control ASCs, cell
viability was 80.9  3.6 %. Blocking BCRP using KO-143 did not have an effect on cell viability in these
control ASCs (78.0  5.3 %, n=4, p=0.34, Figure 4A). In contrast, one hour of metabolic inhibition
significantly reduced the number of viable cells from 80.9  3.6 % in control cells to 63.3  3.9 % after
metabolic inhibition (p<0.05). No further increase in cell death was found after five hours of metabolic
inhibition (not shown). Therefore we analyzed the effect of blocking BCRP during one hour of metabolic
inhibition only. When the BCRP blocker (KO-143) was added to ASCs during 1 hour of metabolic
inhibition, ASC survival was significantly reduced from 63.3  3.9 % (metabolic inhibition) to 48.4  5.7%
(metabolic inhibition + blocker) (n=4, p<0.05, Figure 4B). These data thus show that BCRP does play a
role in protection of ASCs during metabolic inhibition.

Figure 4: BCRP protects ASCs during metabolic inhibition. Percentage of viable cells as analyzed using Annexin-V and PI in
flow cytometry, after 1 hour of metabolic inhibition and/or inhibition of BCRP by KO-143. n=4, * P<0.05

Discussion
In this study we analyzed the putative expression and functional role of the MDR-proteins BCRP and P-gp
in ASCs. We found that ASCs significantly expressed BCRP (peri)nuclear, which however decreased during
culture. In contrast, we did not detect significant amounts of P-gp in ASCs. Interestingly, metabolic
inhibition significantly increased BCRP expression. Moreover, blocking of BCRP during ischemia resulted
in increased ASC cell death, indicative for a protective role of BCRP during ischemia.
Previous studies have also described protein expression of BCRP in fresh[18] and cultured
ASCs.[19] Mitchel et al found BCRP expression in up to 36% of cultured ASCs of passage 2, using FACS
analysis.[19] In our studies, we now found BCRP expression in almost all ASCs in passage 2, using
immunohistochemistry. In contrast, Katz et al did not find BCRP in ASCs (passage 1-3), neither using FACS
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analysis nor in RT-PCR.[25] A possible explanation for these differences could be a difference in culture
methods used. It is known that MDR expression is modulated by different culture conditions, including
culture serums.[26] [27,28] Katz et al used FBS from Sigma and both we and Mitchel et al from Hyclone.
Another explanation could be a difference in assays used to detect the MDR proteins. Both Mitchel et al
and Katz et al used immunofluorescently labelled antibodies and FACS analysis, without permeabilisation
of the cells. Theoretically, therefore, only membrane bound proteins were detected in the FACS. We,
however, performed immunocytochemistry on permeabilized cells, and found mainly an intracellular
expression of BCRP. Finally, different antibodies were used. Both Mitchel et al and Katz et al used clone
5D3, which recognizes an external epitope of BCRP, while we used BXP-53, which recognizes an internal
epitope of BCRP.
Remarkably, we found that BCRP staining in ASCs was most prominent in the (peri)nuclear area,
in contrast to the positive control cell line in which BCRP was predominantly found on the plasma
membrane, and partly in the cytoplasm. Previous studies have also described that BCRP is expressed in
the perinuclear region, for instance in MDR transfected HeLA cells.[29,30] Interestingly, Rajagopal et al
have suggested that MDR-proteins expressed at the perinuclear region of transfected HeLa cells do not
have an effect on cellular levels of toxins, but instead do decrease nuclear levels of toxins.[30] Therefore,
it can be hypothesized that since BCRP generally protects stem cells by extrusion of DNA-damaging
substances,[14,15] BCRP could also play this specific role when localized in the perinuclear region of the
ASCs. Furthermore, it has been shown for another MDR protein, namely P-gp that this protein can
improve cell survival independent of drug-efflux activity in acute myeloblastic leukaemia cells, suggesting
a different mechanism for cell protection.[31] Theoretically BCRP also might play a functional role in cell
protection independent of drug-efflux activity, and therefore also without membrane bound expression.
In contrast to BCRP, we only found minor positive staining for P-gp in ASCs (cytoplasmic) using
immunocytochemistry, but not in western blot analysis. Furthermore we could not detect functional
activity of P-gp in ASCs. To the best of our knowledge, no other studies have investigated P-gp
expression in ASCs. P-gp, on the other hand, has been detected in haematopoietic stem cells.[12] It
indeed is suggested that haematopoietic stem cells have a different MDR gene expression profile
compared with other adult stem cells, indicating different cell type specific functions.[32]
It has been shown that exposure to potential harmful environments, like hypoxia related
inflammation, affects expression levels of different MDR-proteins in rodent tissues.[33,34] In line with
this, we found that ischemia significantly increased BCRP protein expression in ASCs more than 5-fold,
and that BCRP protected ASCs against ischemia in vitro. Krishnamurthy et al [17] also found in primary
haematopoietic progenitor cells a 7-fold increase in BCRP mRNA expression and in number of BCRP
positive cells after exposure to hypoxia. Indeed, also in these primary haematopoietic progenitor cells
BCRP protected cells against hypoxia. Our findings thus indicate that BCRP could also protect ASCs in
harmful environments like the ischemic heart after myocardial infarction.
Interestingly, we found decreasing BCRP protein levels during culture (decrease 63  19%
between p2 and p6). It has to be noted that not only the percentage of positive cells, but also the
expression level per cell decreased during culture. Mitchell et al also found a decreasing percentage of
BCRP positive cells during culture, although this decrease was not statistically significant (decrease 60.8%
between p2 and p5).[19] It is already known that stem cells change during culture, for instance by losing
the ability to differentiate into different lineages.[35,36,,11,37] These data thus suggest that when ASCs
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are transplanted in harmful environments like myocardial infarction, the optimal stem cell protective
effect of BCRP theoretically will be achieved with early culture passages of ASCs.
Taken together, we have now shown that ASCs express perinuclear BCRP, which decreases
during culture. Interestingly, BCRP is significantly upregulated in ASCs during ischemia, thereby
protecting ASCs. We therefore suggest that transplantation of ASCs in harmful environments, like
myocardial infarctions, is optimal when expression of BCRP is high, thus in early passage ASCs (p2).
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