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Introduction

P-glycoprotein (Pgp) and multidrug resistance protein 1
(MRP1) are the two best-characterized ATP-binding cas-
sette (ABC) family transporter proteins involved in resist-
ance to a variety of structurally unrelated anticancer

Summary

P-glycoprotein (Pgp) and multidrug resistance protein 1 (MRPI1) are
members of the ATP-binding cassette (ABC) family of transporter pro-
teins. Both molecules are membrane-associated, energy-dependent efflux
pumps with different substrate selectivity and they may play a role in the
activation, differentiation and function of haematopoietic cells. Mouse
haematopoietic cells are characterized by the expression of the cell surface
molecules c-kit and Sca-1. Herein, the presence and activities of Pgp and
MRPI1 in mouse bone marrow mononuclear cells (BMMC) and their rela-
tionship with the proteins c-kit and Sca-1 were evaluated. Pgp and MRP
activities were measured based on the extrusion of rhodamine 123 (for
Pgp) and Fluo-3 (for MRP). Cell populations were assessed by cytometry
using anti-c-kit and anti-Scal antibodies. Pgp activity was present in 5%
of BMMC while 50% of BMMC cells showed MRP activity. These findings
agreed with the proportion of cells expressing the MRP1 surface molecule
(51:3 £ 4-17%). About 14% of BMMC were positive for c-kit and/or
Sca-1 (9:3% c-kit™ Sca-1%, 4-2% c-kit* Sca-1~ and 0-9% c-kit™ Sca-1%).
Among these subpopulations only c-kit™ Sca-17 cells presented Pgp activ-
ity (21-36%). On the other hand, MRP activity was present in all three
subpopulations. Most cells (82:5%) of the c-kit™ Sca-1~ subpopulation
presented MRP1 activity compared to only 54:1% of c-kit" Sca-1* and
38-8% of c-kit™ Sca-1*. This study demonstrates the expression and activ-
ity of MRP1 in BMMC. While only a small proportion of precursor cells
had Pgp activity, MRP1 activity was present among different subpopula-
tions of precursor cells. Further studies are necessary to establish the role
of these transporters in haematopoietic cells.

Keywords: c-kit; mouse bone marrow; multidrug resistance protein 1;
P-glycoprotein; Sca-1

agents. Both Pgp and MRP1 are membrane-associated,
energy-dependent efflux pumps that function to reduce
the intracellular levels of hydrophobic cytotoxic com-
pounds.?

Despite similarities their in drug-resistance profiles,
these transporters differ markedly in their substrate

Abbreviations: ABC, ATP-binding cassette family; BM, bone marrow; BCRP, breast-cancer-resistance protein; BMMC, bone
marrow mononuclear cells; CSA, cyclosporin A; DMSO, dimethyl sulphoxide; FACS, fluorescence-activated cell sorter; HSC,
haematopoietic stem cells; INDO, indomethacin; MRP1, multidrug resistance protein 1; MTT, (3-[4,5-dithylthiazol-2-yl]-2,5-
diphenyl tetrazolium bromide); PBS, phosphate-buffered saline; Pgp, P-glycoprotein; PRB, probenecid; Rho 123, rhodamine 123;

SP, side population; VP, verapamil.
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selectivity. MRP1 is capable of transporting many lipophi-
lic anions, including conjugates of glutathione, glucuronic
acid and sulphate.” In contrast, P-glycoprotein predomin-
antly transports neutral or mildly cationic molecules.
Neither conjugation nor cotransport of drug substrates
with physiological molecules is required for the efflux
process mediated by Pgp. Both proteins were first des-
cribed in tumour cells, but they have now been described
in many normal tissues such as lung, gut, liver, kidney,
brain, testis and placenta (reviewed in ref. 4). These trans-
port proteins play a critical role in the absorption, distri-
bution, metabolism and excretion of drugs and toxins.*
Moreover, these proteins were described in thymocytes,””
mature lymphocytes,> dendritic cells,'"' monocytes'?
and macrophages.'?

It has been suggested that multidrug transporters may
play a role in the cells of the immune system, mediating
the efflux of xenobiotics'*"
tion'®"® and migration.'®"!

Haematopoietic stem cells (HSC) comprise approxi-
mately 0-05% of bone marrow (BM). Mouse HSC express
the cell surface molecules c-kit and Sca-1 and lack mark-
ers for differentiated peripheral blood cells.!>* In 1991,
Chaudhary and Roninson showed that human CD34"
HSC express Pgp and show activity for this transporter.*'
The activity of Pgp is also related to the murine side pop-
ulation (SP), cells that are highly enriched for repopulat-
ing activity,”” and over-expression of Pgp in murine BM

and regulating cell activa-

cells results in the expansion of SP stem cells in vitro and
of repopulating cells in vivo.”> Murine SP cells express
another ABC transporter known as breast-cancer-resist-
ance protein (BCRP) and this might explain why mice
lacking Pgp expression show no difference in their num-
ber of progenitor cells.** The SP cells from these animals
also express the mrpl gene. However, despite all the
information on Pgp in BM cells, there is a paucity of
knowledge regarding MRP1. The MRPI1 has been shown
to be present in human BM cells, but there is some
controversy about the subpopulation expressing this
molecule.”*

The present work characterizes the expression and
activity of MRP1 in murine bone marrow mononuclear
cells (BMMC), and relates Pgp and MRP1 activities to
the surface molecules c-kit and Sca-1 present in those
cells.

Materials and methods

Reagents

The culture medium RPMI-1640 (Sigma Chemical Co., St
Louis, MO) was used for the cell cultures. Fluo-3,
obtained from Molecular Probes (Eugene, OR), was dis-
solved in dimethylsulphoxide (DMSO; Sigma Chemical
Co., St Louis, MO) as a 10 mm stock solution and stored
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at —20°. Rhodamine 123 (Rho 123; Sigma Chemical Co.)
was dissolved in saline as a 100 pg/ml stock solution and
stored at —20°. The fluorescent probes, Fluo-3 and
Rho 123, were diluted in RPMI-1640 medium to a final
concentration of 5 pug/ml and 200 ng/ml, respectively, just
before use. Indomethacin (INDO; Sigma Chemical Co.)
was dissolved as a stock solution in DMSO at a concentra-
tion of 30 mM and stored at —20°. Probenecid (PRB;
Sigma Chemical Co.) and verapamil (VP; Sigma Chemical
Co.) were dissolved in saline as stock solutions of 25 mm
and 5 mu, respectively, and stored at —20°. Cyclosporin A
(CSA 100 mg/ml, obtained from Novartis, Sao Paulo,
Brazil) was further diluted in medium at a concentration
of 1 mm and stored at —20°. MK 571 (Merck, Sao Paulo,
Brazil) was dissolved in distilled water as a 50 mM stock
solution and stored at —20°. INDO, PRB, MK 571, VP
and CSA were diluted in RPMI-1640 medium just before
use. 3-[4,5-dithylthiazol-2- yl]-2,5-diphenyl tetrazolium
bromide (MTT), obtained from Sigma, was dissolved in
saline at 5 mg/ml, and stored at 4°. Monoclonal antibodies
anti-CD117 (tricolour) and anti-ly6 Scal (phycoerythrin-
conjugated) were obtained from Caltag (Burlingame, CA).
Primary rat monoclonal antibody anti-MRP1 was pur-
chased from Alexis Biochemicals (San Diego, CA) and
secondary antibody, goat anti-rat immunoglobulin G
conjugated with fluorescein isothiocyanate, was obtained
from Sigma Chemical Co. Fluorescence activated cell
sorter (FACS) lysing solution was obtained from Becton
Dickinson (San Jose, CA).

Animals

Inbred male C57BL/6 mice (2-3 months old) were used
in all experiments. Animals were housed in a tempera-
ture-controlled room and received free access to water
and standard rat chow (ad [libitium). During all
experiments, the animals were treated in accordance
with published COBEA regulations for animal laborat-
ory use.

Isolation of BMMC

Mice were anaesthetized with ethyl ether (Reagen, Rio de
Janeiro, Brazil) and killed by cervical dislocation. Bone
marrow was aspirated from femoral and tibial bones with
a syringe containing RPMI-1640 medium. Bone marrow
cells were homogenized and centrifuged at 450 g for
10 min and resuspended in 3 ml medium. Afterwards this
cell suspension was loaded on a density gradient of
Histopaque 1083 (Sigma) and centrifuged at 800 g for
30 min. Cells retained on the Histopaque-medium inter-
face were transferred into a conical tube and washed three
times with saline. After that procedure, cells were
resuspended in RPMI-1640 with 10% fetal bovine serum
(Gibco Life Technologies, Rockville, MD).
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MRP- and Pgp-related transport activities

MRP- and Pgp-related transport activities were inves-
tigated by wusing the fluorescent probes Fluo-3 and
Rho 123 in an efflux assay. BMMC (10° cells/ml) were
loaded with 5 pg/ml Fluo-3 or 200 ng/ml Rho 123 in
the presence or absence of MRP inhibitors or Pgp
inhibitors. PRB (100, 500, 1000 or 2500 pum); INDO
(75, 150 or 300 um) or MK 571 (12:5, 25 or 50 um)
were used to inhibit the MRP activity. CSA (0-1, 0-5
or 1 um) and VP (5, 10 or 50 pMm) were used to inhibit
the Pgp activity. Mononuclear cells were incubated in
RPMI-1640 with 10% fetal bovine serum for 30 min at
37° in the presence of the fluorescent probes. Following
this period, Fluo-3-loaded or Rho 123-loaded cells were
washed with cold medium. Cells were re-incubated in
medium, with or without MRP or Pgp inhibitors, for a
further 90 min at 37°. In some experiments this process
was followed by incubating the cells for 30 min at 4°
with anti-CD117 (tricolour) and anti-ly6 Sca-1 (phyco-
erythrin-conjugated) monoclonal antibodies. The cells
were then washed with phosphate-buffered saline (PBS),
and analysed by flow cytometry using a FACScalibur
(Becton Dickinson). One hundred thousand cells were
acquired based on forward and side scatter. All flow
cytometry analyses were accomplished using winmbi,
version 2-8.

MRPI detection

For the detection of MRP1 at the single-cell level, 10°
BMMC were rendered permeable with FACS lysing
solution for 10 min at room temperature. Cells were
washed with PBS and incubated with anti-MRP, diluted
in PBS with 1% BSA (1: 80) for 30 min at room tem-
perature. This was followed by incubating with the sec-
ondary antibody for 20 min at room temperature. Cells
were washed with PBS and analysed by flow cytometry.
Ten thousand cells were acquired based on forward and
side scatter.

Viability assay

The BMMC were seeded in 96-well plates at a concen-
tration of 5 x 10° cells/well. The cells were incubated in
the presence or absence of INDO (75, 150 or 300 um),
PRB (0-5, 1-0 or 2-5 mm), MK 571 (125, 25 or 50 um),
VP (5, 10 or 50 um) or CSA (0-1, 0-5 or 1 pum) for
48 hr at 37° in a humidified atmosphere and 5% CO,.
Cell viability was assayed by the addition, of 20 pl/well
MTT at a concentration of 5 mg/ml. The method is
based on the reduction of the tetrazolium salt by mito-
chondrial dehydrogenases present in viable cells. After
incubation for 3 hr at 37°, the plates were centrifuged at
400 g for 5 min, the supernatant was removed and
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200 il DMSO was added to each well to dissolve the
formazan crystals. The plates were read on a Thermo-
max Microplate Reader (Molecular Devices, Menlo
Park, CA) at a wavelength of 490 nm. Results represent
the mean + standard deviation (SD) of triplicate deter-
minations.

Statistical analysis

Values are given as mean = SD. Statistical significance
was calculated by one-way analysis of variance (ANOVA)
followed by Bonferroni’s t-test, and P-values of less than
0-05 were considered significant.

Results

Expression of MRP1 in BMMC

The expression of MRP1 in murine BMMC was analysed.
The level of MRP1 expression was determined using anti-
MRP1 antibody and measured by flow cytometry
(Fig. 1a). It was observed that 51-3 * 4-2% of the BMMC
were positive for MRP1.

MRP-related transport activity

To confirm that approximately 50% of the BMMC pre-
sent an active protein, the extrusion capacity of the
pump was evaluated. It has been reported that the fluor-
escent anion Fluo-3 can be used to monitor MRP1
activity.'” In the present experiments, nearly half of the
BMMC population was able to transport Fluo-3
(Fig. 1b,c). To evaluate whether this effect was related to
MRP activity, cells were incubated with Fluo-3 in the
presence of MRP inhibitors: INDO (75-300 pum), PRB
(500-2500 pm) and MK 571 (12-5-50 pum) (Fig. 1c). A
concentration-dependent increase in intracellular fluores-
cence was observed in the presence of inhibitors with a
consequent decrease in the numbers of Fluo-3'" cells.
These results provide evidence that BMMC expressed an
active MRP1 protein.

MRP activity and cell viability

To evaluate the influence of inhibitors of MRP1 activity on
cellular viability, BMMC were incubated with the MRP
inhibitors used in this study: INDO (75, 150 or 300 pm),
PRB (500, 1000 or 2500 pum), and MK 571 (12-5, 25 or
50 um) for 48 hr. After this incubation period, the cells
remained alive in the presence of low concentrations of
MRP inhibitors. However, with high concentrations of the
inhibitors there was a loss of cellular viability, INDO (150
and 300 pm) viability decreased to 42% and 229%, respect-
ively, PRB (2500 pwm) fell to 23% and MK 571 (50 um)
decreased to 55%. These results suggest that this protein is
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Figure 1. MRP1 expression and activity in murine bone marrow
mononuclear cells. (a) Cells were permeabilized, and labelled with
rat anti-MRPI1. Cells were then washed and stained with goat anti-
rat IgG FITC. Cells were washed and acquired by flow cytometry.
Left panel: control, cells were labelled only with the secondary anti-
body. Right panel: gray histogram represents cells labelled with both
antibodies. M1 indicates the autofluorescence region and M2 indi-
cates the labelled region. The value in the figure indicates the percen-
tual of bone marrow mononuclear cells expressing MRPI. This
figure is representative of three different experiments. (b) Histograms
showing the accumulation of Fluo-3 by the cells, in the presence or
absence of MRP inhibitors: INDO — indomethacin (75 pum), PRB —
probenecid (1000 pum) and MK — MK571 (25 pm). (c) Dose-response
curve of the effect of inhibitors: INDO, PRB or MK in MRPI activ-
ity. Results are expressed as mean = SD of at least 3 independent
experiments.

not essential for BMMC survival because other concentra-
tions of inhibitors, producing inhibition of MRP1 activity
in at least 50% of the Fluo-3"" cells, did not alter the cell
viability. Furthermore, it is possible in these cells to use
concentrations of 75 pm INDO, 1000 pm PRB and 25 pm
MK 571 without observing a general toxicity.
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Figure 2. Pgp-related transport activity in murine bone marrow
mononuclear cells. (a) Representative dotplots showing the amount
of Rho 123 negative cells (left hand side region). (b) Dose-response
curve of Pgp inhibitors: VP (verapamil) and CSA (cyclosporin A).
Results are expressed as mean £+ SD of 3 independent experiments.
*Significantly different from control P < 0-05.

Pgp-related transport activity

The presence of Pgp activity has been described in BMMC,
and it has been suggested that this population corresponds
to HSC. The function of Pgp was investigated using the
efflux of the fluorescent substrate Rho 123. We observed
that around 4% of BMMC were able to transport Rho 123
(Fig. 2), and this population was considered Rho negative.
To confirm that this activity was related to Pgp, cells were
incubated with Rho 123 in the presence of Pgp inhibitors,
VP (5, 10 or 50 pum) and CSA (0-1, 0-5 or 1 pm), and it was
observed that in the presence of Pgp inhibitors this popula-
tion accumulated the dye (Fig. 2).

Pgp activity and cell viability

Another important aspect of Pgp activity is the import-
ance of this function to cell survival because some of the
substrates transported by this pump could regulate the
viability of adjoining cells. Thus, we have investigated
whether Pgp activity was vital for BMMC survival. Cells
were incubated with Pgp inhibitors: VP (5-50 um) and
CSA (0-1-1 pum) for 48 hr, and, after this period, the cells
were still alive. Only in the presence of high concentra-
tions of CSA (1 pum) was a loss of viability observed, and
even then 64% of the cells were still alive. These results
suggested that Pgp activity was not essential for cell survi-
val of total BMMC and that the inhibitors could be used
without an undesirable toxicity.
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MRP-related and Pgp-related transport activity
and progenitor cells

Our results demonstrated that BMMC express MRP1 and
present MRP and Pgp activity. The relationship of MRP
and Pgp transport activity and progenitor cells was there-
fore studied. BMMC were labelled with antibodies that
recognize the membrane proteins present in more undif-
ferentiated cells, such as c-kit and Sca-1. It was found
that among BMMC approximately 14% express these
proteins, being 9-30 + 2-0% c-kit™ Sca-1", 4-19 £ 0-7%
c-kit" Sca-1" and 0-89 * 0-4 c-kit" Sca-1" (Fig. 3a).

Among the murine BMMC that presented MRP activity
14% expressed c-kit and/or Sca-1, while among the popu-
lation that presented Pgp activity approximately 35%
Were precursors.

Moreover, MRP was present in 82-52 + 5-3% of the
c-kit" Sca-1~ subpopulation, while only 38-81 + 12:5% of
the c-kit™ Sca-1" cells showed MRP activity. Among the
c-kit" Sca-1" cells, 54-14 + 4.5% showed an active pro-
tein (Fig. 3b). On the other hand, when Pgp activity was
analysed, it was observed that among the c-kit" Sca-1~
and c-kit" Sca-1* subpopulations only a negligible activity
for this protein was present compared with 21-36 +
6-83% of the c-kit” Sca-1" subpopulation exhibit Pgp
activity (Fig. 3c).

Discussion

In the present study the expression and activity of the
ABC transporters Pgp and MRP1 were investigated in
normal murine BM cells. We found that 5% of murine
BMMC were capable of Rho 123 efflux, related to Pgp
activity, and our results match those from studies that
reported Pgp activity in 4-7% of these cells.”® Further-
more, we demonstrated for the first time in murine
BMMC that approximately 50% of the cells presented
an active MRP1 protein, measured by their Fluo-3
efflux capacity. When ABC transport activity was
analysed in relation to phenotypic markers present in
immature haematopoietic cells it was found that 35%
of cells with Pgp activity were precursors, and approxi-
mately 14% of MRPI1 cells expressed the c-kit and/or
Sca-1 phenotypes.

Pgp activity has been described in stem cells* and, in
some instances, this activity has been ascribed to those
cells with enriched repopulation capacity.*>** In the pre-
sent work, Pgp activity in immature cells was restricted
to the c-kit” Sca-1* subpopulation. A lineage negative
population with a similar phenotype, c-kit™ Sca-1" incor-
porating low levels of the dye Rho 123, was found not
to have the capacity to reconstitute and to be present in
the normal murine BM.”” Because these cells incorpor-
ated low levels of Rho 123 and were small, it has been
suggested that they might be a population of resting
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Figure 3. (a) Distribution of progenitor cells subpopulations among
bone marrow mononuclear cells. Cells were incubated with anti-c-kit
TC and anti-Sca-1 PE antibodies. Cells were then washed and
acquired by flow cytometry. Representative dotplot. (b) MRP1 trans-
port activity. Bars represent the percentage of cells extruding Fluo-3
(MRP activity) among c-kit"Sca-1" (black bar), c-kit"Sca-1* (white
bar) and c-kit"Sca-1" (gray bar). (c) Pgp transport activity. Bars
represent the percentage of cells extruding Rho 123 (Pgp acti-
vity) among c-kit"Sca-1~ (black bar), c-kit"Sca-1* (white bar) and
c-kit"Sca-1" (gray bar). Results are expressed as mean = SD of 3
independent experiments. *Significantly different from the other two
groups P < 0-05.

stem cells. In our work, the low incorporation of
Rho 123 could be reversed by VP, indicating that the
dye was being effluxed from the cells via Pgp and not
that the low uptake represented decreased mitochondrial
activity.

Nevertheless, it was possible that these c-kit™ Sca-1"
cells represented a subpopulation of stem cells that was
incapable of producing or secreting growth factors and
that depended on a different subpopulation of cells to
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provide them with the necessary stimulus.*” In this con-
text, it is interesting that leukotrienes potentiate colony
stimulating factor (CSF)-induced colony formation
from freshly isolated normal bone marrow cells®?° and
immature myeloid cells present the necessary enzymes to
metabolise leukotrienes.”® Furthermore, leukotriene inhi-
bitors affect cellular proliferation.”® Leukotriene C4 is
secreted via MRP1°* and the regulation of this transport
activity could therefore affect normal myelopoiesis. Our
results indicated that in murine BM nearly half of
BM cells exhibited MRP1 activity, but inhibition of
MRP1 activity for 48 hr using INDO, PRB or MK 571
did not result in decreased cellular viability, which is in
agreement with the observation that mice lacking mrpl
are viable and there is no apparent change in their
haematopoiesis.”®> The expression of MRP1 molecules has
already been described in human normal and malignant
haematopoietic cells.”*>** When the immature subpopu-
lations of murine BMMC were studied, MRP activity was
present mainly in c-kit" cells (82% of the c-kit" Scal™
and 54% of the c-kit"Sca-1"cells), compared to 38-8% of
the c-kit™ Scal™. It was not possible with the technique
used in this study to determine if the same cell could
present both Pgp and MRP1 activities simultaneously.

Studying human peripheral blood, Laupeze et al.>> des-
cribed how peripheral CD34" haematopoietic cells had
higher MRP-related efflux compared to mature leuco-
cytes. It has been suggested that, among the murine BM
population, c-kit" cells may be more immature than
c-kit™ Sca-1" cells because they are capable of originating
c-kit™ cells in reconstitution experiments.27 Therefore, in
an analogous manner to the results obtained when
human haematopoietic cells were used, our experiments
have shown that c-kit" subpopulation has a higher pro-
portion of cells with MRP1 transport activity.

The function of Pgp and MRPI transporters has been,
for many years, associated with a protective role. However,
physiologically, they may exhibit many other functions,
including secretion of mediators and hormones.” Tt is
possible that among the immature population in the BM,
cells with different efflux capacities are capable of regula-
ting their growth and the growth of other subpopulations
based on the accumulation and/or transport of substances
essential for their activation and differentiation.

In summary, this study indicates that Pgp activity is
present mainly in one subpopulation of immature cells,
whereas MRP1 activity varies among the different sub-
populations, further studies will be necessary to establish
the role of these transporters in the differentiation of
these cells.
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