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Abstract: Mitoxantrone (MXR) is a prototypical substrate for the ABCG2 (bcrpl) efflux
transporter and is often used as a positive control in bcrp-mediated transport studies. This study
examined processes involved in the cellular accumulation and directional transport of MXR using
an in vitro wild-type (WT) and bcrp1-transfected (bcrpl) MDCKII cell model. Compared to 37 °C,
incubation at 4 °C increased MXR accumulation in bcrpl cells and unexpectedly decreased
MXR accumulation in WT MDCKII cells. [®H]-MXR accumulation was concentration dependent
in both WT and bcrpl cells, exhibiting the characteristics of saturable active influx. At tracer
concentrations, there was no difference in MXR directional flux between WT and bcrpl MDCKII
cell monolayers, and the A-to-B (apical-to-basolateral) flux was greater than the B-to-A flux in
both cell types. However at higher concentration (20 uM), [3H]-MXR directional flux from A to B
decreased and B to A increased, revealing the expected efflux process. Therefore, the orientation
of the MXR directional flux process is concentration dependent and only at higher concentrations
could the difference between WT and bcrpl MDCKII cells be distinguished. Taken together,
these data show that there is a saturable influx transport system on the apical membrane MDCKII
cells that is responsible for the active influx of MXR. This is the first report of an active influx
transport system for MXR. The expression of the putative MXR influx transporter in selected
cell types could lead to misleading results in drug transport assays that screen for bcrp activity.
Moreover, the downregulation of the influx transport system could be a heretofore unrecognized
mechanism of MXR resistance in tumor cells.
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Introduction use of MXR in combination with various antitumor agents
Mitoxantrone (MXR) was developed in the 1970s as an suggest that it has significant activity in the treatment of
antineoplastic agent. It has a spectrum of activity similar to Specific lymphomas?Moreover, its immunosuppressant and
commonly used anthracyclins, such as doxorubicin and immunomodulatory properties provide a rationale for use of
daunorubicin. MXR is efficacious with limited toxicity ina ~ MXR in active multiple sclerosis.
number of malignancies, including breast carcinoma, acute
leukemia, and non-Hodgkin's lymphoradt is most com-
monly used to treat leukemia and prostate cancer in
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Like several other antitumor agents, when MXR was
widely employed in the clinic, it was found that MXR
treatment may lead to resistarfcé Several efflux transport-

Cell Culture. The MDCKII cells, both WT and bcrpl cell
line, were generously provided by Dr. Alfred H. Schinkel
from the Netherlands Cancer Institute. Cells at passage 5 to

ers may be involved in the MXR resistance process, such asl5 were used in all experiments. Dulbecco’s modified Eagle’s

P-gp, MRPs, and BCRF® BCRP/Abcg2 (breast cancer
resistance protein) is a relatively new member of the ABC
transporter family discovered in mitoxantrone-resistant cell
lines that do not overexpress P-gp or the MRPhis efflux
protein may play a significant role in MXR absorption and
distribution? The motivation for our current study of possible
MXR active influx transport resulted from the examination
of MXR transport in mouse BCRP/Abcg?2 (bcrpl) transfected
and parental MDCKII cells. It was observed that MXR
cellular accumulation decreased at low temperaturdC
which implied the existence of temperature-sensitive MXR
influx process in both the WT and bcrpl MDCKII cells. Our
further study confirmed this finding. The existence of a
saturable, active influx transporter for MXR may have
important implications in the use of MDCKII bcrpl-

medium (DMEM) and nonessential amino acids were
obtained from Cellgro (Herndon, VA). Fetal bovine serum
was purchased from Seracare Life Sciences, Inc. (Milford,
MA). Penicillin and streptomycin (10 000 U/mL and 10 000
ua/mL, respectively) were obtained from Sigma. All other
cell culture materials were obtained from Costar (Cambridge,
MA) and Falcon (Bedford, MA).

Temperature-Dependent Cellular Accumulation. Ac-
cumulation experiments were performed with confluent
epithelial MDCKII cell monolayers grown on 12-well plates.
Cultured cells were washed three times with 1 mL of assay
buffer (composed of 122 mM sodium chloride, 25 mM
sodium bicarbonate, 10 mM glucose, 10 mM HEPES, 3 mM
potassium chloride, 1.2 mM magnesium sulfate, 1.4 mM
calcium chloride, and 0.4 mM potassium phosphate dibasic,

transfected cells in drug screens and the efficacy andpH 7.4) and then preincubated in assay buffer for 30 min at
development of resistance to this important antitumor agent. 37 °C. Uptake was initiated by adding 1 mL of assay buffer
) containing fH]-MXR (specific activity of 3 Ci/mmol, final
Materials and Methods radioactivity in buffer is 0.16 ZCi/mL, yielding a final tracer
Materials. [*H]-Mitoxantrone was obtained from Moravek MXR concentration of 56 nM). In order to investigate
Co. (Brea, CA). Unlabeled mitoxantrone (MXR) and all other temperature influence on MXR accumulation, plates were
reagents were obtained from Sigma (St. Louis, MO). All djvided into two groups. Incubations for cellular accumula-
other reagents were analytical grade. The compounds wer&jon were carried out at either 3T or 4°C. After 180 min
dissolved in DMSO and diluted to the desired concentrations jncubation, assay buffer was removed by suction and
with phosphate buffer. The final concentration of DMSO in  giscarded. The monolayers were washed three times with 1
all incubation solutions, including the control group, was less m|_ aliquots of ice-cold PBS, and then 1 mL of 0.1% Triton

than 0.1%.

(4) Xu, D.; Arestrom, I.; Virtala, R.; Pisa, P.; Peterson, C.; Gruber,
A. High levels of lung resistance related protein mRNA in
leukaemic cells from patients with acute myelogenous leukaemia

are associated with inferior response to chemotherapy and prior

treatment with mitoxantrond3r. J. Haematol1999 106, 627—
33.

Wells, R. J.; Odom, L. F.; Gold, S. H.; Feusner, J.; Krill, C. E.;
Waldron, P.; Moulton, T. A.; Knoppell, E.; White, M. L.; Cairo,

®)

M. S. Cytosine arabinoside and mitoxantrone treatment of relapsed

or refractory childhood leukemia: initial response and relationship

to multidrug resistance gene WMed. Pediatr. Oncol1994 22,

244-9.

Hazlehurst, L. A.; Gros, P.; Dalton, W. S. Chromosome mediated

gene transfer of drug resistance to mitoxantr@xicancer Res.

199§ 18, 1005-10.

Morrow, C. S.; Peklak-Scott, C.; Bishwokarma, B.; Kute, T. E.;

Smitherman, P. K.; Townsend, A. J. Multidrug resistance protein

1 (MRP1, ABCC1) mediates resistance to mitoxantrone via

glutathione-dependent drug effluilol. Pharmacol.2006 69,

1499-505.

Hazlehurst, L. A.; Foley, N. E.; Gleason-Guzman, M. C.; Hacker,

M. P.; Cress, A. E.; Greenberger, L. W.; De, Jong, M. C.; Dalton,

W. S. Multiple mechanisms confer drug resistance to mitoxantrone

in the human 8226 myeloma cell lin€ancer Res1999 59,

1021-8.

(9) Doyle, L. A,; Yang, W.; Abruzzo, L. V.; Krogmann, T.; Gao,
Y.; Rishi, A. K.; Ross, D. D. A multidrug resistance transporter
from human MCF-7 breast cancer celRroc. Natl. Acad. Sci.
U.S.A.1998 95, 15665-70.

(6)

@)

8

~

476 MOLECULAR PHARMACEUTICS VOL. 4, NO. 3

X-100 solution was added and incubated Ich on arotary
shaker at 37C. Protein concentration was determined by
the Pierce BCA method. Mitoxantrone radioactivity was
determined by liquid scintillation counting and expressed as
dpm per microgram of cellular protein.

MXR Concentration-Dependent Accumulation. (A)
MXR Steady-State Accumulation. Initial accumulation
experiments were carried out using a 180 min incubation
because MXR cellular accumulation reached a steady state
within 3 h (data not shown). Accumulation experimental
conditions were the same as depicted above, except ac-
cumulation was initiated by adding 1 mL of assay buffer
containing fH]-MXR with different concentrations of un-
labeled MXR to examine the concentration dependence of
the cellular accumulation. In the steady-state experiments,
the concentrations of unlabeled MXR examined were 0, 0.2,
2.0, and 2QuM.

(B) MXR Initial Influx Rate. To determine the initial
influx rate, the accumulation experimental conditions were
the same as above except for the incubation time. Assay
buffer containing {H]-MXR with different concentrations
0,1, 2,5, 10, 20, and 4@M) of unlabeled MXR was used
to examine the concentration dependence of the accumulation
process. H]-MXR uptake rate was transformed to total
MXR uptake rate according to its radioactive specific activity.
Uptake of MXR was linear with time for 3 min (data not
shown); therefore an uptake period of 2 min was chosen to
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determine initial rates of influx transport, not confounded 30 § _
by active efflux. The initial influx rate that was due to the idililalus
saturable active influx transport (eq 3) was determined by 25 1 p <0.01
subtracting the MXR uptake at€ (linear with concentra- £ T
tion, eq 2) from the total uptake measured at°87(eq 1): g A
[+ %
_ TnalCl 2 151
total influx transport rate= m +K[C] (1) = berp1- MDCKII
) E Ll p =007 I
passive influx transport rate K[C] (2) = e I
=
active influx transport rate- TLX[C] 3) 5
P Ky + [C] 0 . . . .
37°C 4°Cc 37°C 4°C

whereTnaxis the maximum influx rate due to saturable active
transport,Ky, is the concentration at half-maximal rate, [C]
is the concentration in the bulk media, amd is the
proportionality constant representing the influx clearance due
to passive diffusion. The uptake rate was normalized based
on the total protein content of the cells. Protein was statistical significance (p = 0.07). Results are expressed as

determined by the Pierce BCA Protein Assay Regent. mean + SD (n=3). (**, p < 0.01, compared with WT group
Effect of MXR Concentration on Directional Flux. 37°C) ' ’ '

Directional flux was determined using previously reported
methods? Briefly, confluent cell monolayers (WT and berpl — comparisons. Differences were considered to be statistically
cell line) were washed three times with assay buffé]{ significant atp < 0.05.

MXR was added into the apical (1.5 mL) or basolateral (2.6

mL) compartments, respectively. In the MXR high concen- Resylts

tration groups, all the solutions contained 2@ unlabeled
MXR. At various times up to 180 min (0, 15, 30, 60, 90,
120, 180 min), aliquots of receiver solution (200) were
withdrawn and replaced with equal volumes of assay buffer.
The PH]-MXR flux from the donor to the receiver side was

Figure 1. Temperature dependent [3H]-mitoxantrone ac-
cumulation. MXR accumulation was significantly reduced in
the berpl cells compared to the WT cells at 37 °C. At 4 °C,
MXR accumulation in WT cells reduced significantly, while in
berpl cells, MXR accumulation increased, but did not reach

Temperature-Dependent Cellular Accumulation.There
was a significantly reducedp(< 0.01) MXR steady-state
accumulation at 37C in the bcrpl MDCKII cells when
compared to the WT cells (Figure 1). This initial result

- h e Rt - seemingly verified the function of the efflux transporter bcrpl
estimated from the radioactivity appearing in the receiver , ihese cells. However, when the incubation temperature

compar tme_nt._RaQioactivity in each sample was determinedyy a5 decreased to“C to inhibit active transport processes,
by liquid SC|nt|IIat|.on gountlng. - . . the MXR accumulation in WT MDCKII cells was reduced
The apparent directional permeabilitiés, either in the by 77% when compared with 3T. Conversely, in the bcrpl

A-to-B or B-to-A direction) of MXR were calculated from g5 MxR accumulation significantly increased from 11%
the permeability equation (below) using slopes obtained from v, 189, These results indicate that in the WT MDCKII cells

the amount transported vs time plots, there exists an energy-dependent MXR influx transport

dQ/dt system that is inhibited at low temperature. However, in the
app ™~ A-C, (4) overexpressing berpl cells, the increase in the net intracel-
lular accumulation of MXR at low temperature indicates that
where A is the membrane surface are&, is initial the efflux of MXR via the bcrpl transporter is important in
concentration in donor compartment, ar@/dt is the slope maintaining steady-state intracellular levels of MXR even
of the amount transported vs time profile. with the concurrent function of the constitutively expressed
Influence of Probenecid and TEA on PH]-MXR Ac- influx transporter. These steady-state MXR accumulation

cumulation. The method used to determine the influence results begin to show the complex interplay between influx

of broad-spectrum inhibitors on cellular accumulation was and efflux transporters, i.e., the magnitude of a net effect on

identical as described above, except with probenecid or TEA transport will depend upon expression, affinity, incubation

added to the incubation buffer to inhibit transport function. time, and available driving force.

The final concentrations of these inhibitors in each well were ~ Concentration-Dependent Accumulation. (A) Steady-

0, 20, 200, and 200@M. State Accumulation. MXR accumulation at steady state in

Statistical Analysis.Experimental groups were compared bcrpl-transfected cells was significantly less when compared

using the one-way ANOVA with the Tukey test for multiple to wild-type cells (Figure 1 and Figure 2). However, after a

3 hincubation, as the MXR concentration in the donor media

(10) Dai, H.; Marbach, P.; Lemaire, M.; Hayes, M.; Eimquist, w. F. increased, MXR cellular accumulation in both the WT and
Distribution of STI-571 to the brain is limited by P-glycoprotein-  bcrpl-transfected cells decreased to the same relative degree
mediated efflux.J. Pharmacol. Exp. The2003 304, 1085-92. (Figure 2). Regarding the cellular accumulation of tracer
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Figure 2. Influence of unlabeled MXR concentration on tracer
. . . MXR conc (uM)
[BH]-MXR accumulation. [*H]-MXR accumulation in WT and
berpl cells decreased significantly with the increasing con- 100 1
centrations of MXR in donor medium. Black columns indicate B
wild-type MDCKII cells; shaded columns indicate bcrpl- ge 80
transfected MDCKII cells. There was a similar relative re- ;g
sponse to increasing concentration in both WT and bcrpl € E 60
MDCKII cells. Results are expressed as mean + SD (n = 3). 2
(*, p < 0.01, compared with WT control group; **, p < 0.01, gé 40 ”L ________ -
compared with bcrpl control group.) b E g
1
MXR, the bcrpl cells behaved like the WT cells with an §3 20 1
increasing donor concentration of unlabeled MXR. This may
be explained by the different affinity of the influx transporter 0 5 A - - e
1

when compared to the efflux transporter bcrpl. In other
words, the influx active transport system is more susceptible
to saturation within this donor concentration range than is Figure 3. Influence of MXR concentration on initial uptake.
the efflux system (bcrp). (A) The initial total uptake rate (at 37 °C) of [?H]-MXR was
(B) MXR Initial Influx Rate. Model fits of eq 3 to the measured in the presence of MXR at concentration range from
initial rate data (Figure 3B) showed a saturable influx 0 to 40 uM in WT (@) and bcrpl (O) MDCKII cells. The initial
component with similaKy, values for both the wild-type  total uptake rate (at 4 °C) of [3H]-MXR in WT (a) and bcrpl
and berpl-transfected cells (Table 1). The appafentalues (a) MDCKII cells. An uptake period of 2 min was chosen to
for MXR in wild-type and bcrpl-transfected MDCKII cells ~ approximate initial rates of transport. [*H]-MXR uptake rate
were determined to be 4.94 1.74 uM and 8.53+ 1.31 was transformed to total MXR uptake rate according to the
uM, respectively. The maximum influx rate due to the specific activity. Solid and dashed lines show model fits to eq
saturable process was also similar between wild-type (47.61. The dotted line shows the model fits to eq 2. (B) Uptake
+ 5.1 pmol/min/mg of protein) and berpl-transfected cells specific to an influx transporter was calculated by subtraction
(76.4+ 4.2 pmol/min/mg of protein). The tracer MXR initial ~ rom total uptake of the uptake into cells at 4 °C (dotted line
uptake rates in wild-type and berpl cells were comparable, " A). which is assumed to be the MXR uptake by passive
which suggests that the expression of the influx transporter diffusion. The solid and dashed lines are the model fits to eq
in the two cell lines is similar. The intrinsic active influx 3. Shown s the mean =+ SD of triplicate determinations (n =
clearances\ma/Km for the saturable influx process), indica-
tive of transport functional activity, were very similar Table 1. Model Parameters Determined from Initial Influx
between wild-type (9.51 mL/min/mg of protein) and bcrpl- Rates

MXR conc (uM)

transfected (8.92 mL/min/mg of protein) cells (Table 1). The linear
total initial influx rate and the initial rates due to passive saturable component component
diffusion at 4°C (linear term in eq 1) are depicted in Figure Clint

3A. The cellular uptake due to passive diffusion was not Vinax Km (Vimax/ Km) K
different between the wild-type and bcrp-transfected MD-  celltype  (pmol/min/mg) ~ (mM)  (L/min/mg) (L/min/mg)
CKII cells (Table 1). WT MDCKIl ~ 47.6 +5.1 4.94+1.74 9.51 x 105 8.11 x 107

Directional Flux. The permeability experiments showed perpt MDCKII 76.4 £ 4.2 853 + 1.31 8.92 x 1076 7.95 x 107
no significant difference between WT and bcrpl-transfected
cell monolayers in the®H]-MXR directional flux at tracer was unexpected given the known location (apical membrane)
concentrations. However, at this low MXR concentration in and orientation (efflux) of the bcrp transporter in the
the donor, the influx permeability, i.e., A-to-B (apical side transfected MDCKII cells.
to basolateral side) flux, was greater than the B-to-A flux in ~ Importantly, increasing the MXR concentration to2d
both wild-type and bcrpl-transfected cells (Figure 4). This in the donor compartment significantly decreased the A-to-B

478 MOLECULAR PHARMACEUTICS VOL. 4, NO. 3
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Figure 4. [3H]-Mitoxantrone directional flux across WT and 12.0
bcrpl MDCKII cell monolayers. The A-to-B flux of tracer MXR B
in the WT cells (®) was not different from that in the bcrpl 10.0 1

cells (v), and the B-to-A flux in the WT cells (O) was not
different from that in the bcrpl cells (a). However, in both
the WT and berpl cells, the flux of tracer [3H]-MXR from A to

80 —— berp1: A-to-B tracer MXR

. —O— berp1: B-to-A tracer MXR
—¥— berp1: Ato-B 20uM MXR
—&— perpt: B-to-A 20uM MXR

amount transported (pmol)

B was greater than the B-to-A flux. Results are expressed as 601

mean + SD (n = 3). 40

directional flux of PH]-MXR in both the WT (see Figure

5A) and bcrpl MDCKII cells (see Figure 5Bp (< 0.01). 2.0

Moreover, increased MXR concentration in the donor

compartment significantly increased the B-to-A directional 0.0 i i - i
flux of [3H]-MXR (p < 0.01) in the wild-type (Figure 5A) 0 S0 100 150 200
and berp-transfected cells (Figure 5B). Therefore, in the Time (min)

presence of 26M MXR, berpl MDCKII cell monolayers  gjgyre 5. Concentration dependence of tracer [*H]-mitox-
showed the expected significant differences in directional gngrone flux across WT (A) and berpl (B) MDCKII cell

transport giVen the |Oca|i2ati0n and Orientation Of bcrpl in m0n0|ayers_ The WT and bcrpl MDCKII cell mono|ayers were

the transfected MDCKII cells. The B-to-A flux was S|gn|f|- preincubated with 20 uM MXR, and then A-to-B and B-to-A

cantly higher than in the A-to-B directiop (< 0.01), and it flux of tracer ([3H]-MXR) was measured with 20 uM unlabeled

was also higher when compared with the WT group (Figures MXR present in both the chambers. 20 uM MXR significantly

5A and 5B). decreased the directional A-to-B flux of [?H]-MXR, while it
The apparent permeabilitieB4y) in each direction across  increased the B-to-A flux. Results are expressed as mean +

the monolayer were calculated using eq 4 and are shown inSD (n = 3).

Table 2. In the control group (i.e., MXR at tracer concentra-

tions), theP,,, A-to-B is higher tharP,,, B-to-A, and there ~ MXR accumulation in MDCKII cells compared to TEA.

were no significant differences between the WT and bcrp1- TEA reached its maximum effect at 20/, while probenecid

transfected groupg(> 0.05). However, MXR at 2@M in showed an increasing dose-response up to 2000

the donor compartment revealed a B-to-A flux that was However, in the concentration range of inhibitors tested, the

greater than A-to-B. It also resulted in Ry, difference pharmacological inhibition did not decrease MXR accumula-

between WT and bcrpl cells that was significant in the tion to the same level as substrate saturation viaMMXR

B-to-A direction. In summary, there was no significant did in the WT cells.

difference between WT and bcrpl MDCKII cell monolayer

tracer PH]-MXR permeability at tracer concentrations in the Discussion

donor, but there was a significant difference when the donor . )

MXR was 20uM. The efflux ratio (ratio ofPappe_0_a) tO It is well-known tha.t drug'tra.nsp.orters play gn_lmportgnt

Papp(ato_m) Was less than unity in the tracer experiments role in drug absorption, distribution, and elimination in

and significantly greater than one when the donor concentra-Vivo.* At the cellular level, transporters are also one of the
tion was 20uM (see Table 2). key determinants for drug molecules to transverse cell

Effect of Inhibitors on Accumulation. [*H]-MXR ac- membranes and eventually determine the active intracellular

cumulation in WT MDCKII cells decreased significantly in
the presence O_f the OAT i.nhibitor probenecid (Figurg 6A) (11) Ito, K.; Suzuki, H.; Horie, T.; Sugiyama, Y. Apical/basolateral
and OCT inhibitor TEA (Figure 6B). The results depicted surface expression of drug transporters and its role in vectorial
in Figure 6 show that probenecid had an enhanced effect on  drug transportPharm. Res2005 22, 1559-77.

VOL. 4, NO. 3 MOLECULAR PHARMACEUTICS 479
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Table 2. Transport of Mitoxantrone (MXR) across MDCKII Cell Monolayers?

MXR tracer donor MXR 20 M donor
Papp (x1078 cml/s) A-to-B B-to-A efflux ratio A-to-B B-to-A efflux ratio
WT MDCKII 3.37+£0.49 2.02+0.14 0.60 1.85 £ 0.12** 3.32 £ 0.27* 1.78
berpl MDCKII 3.23+0.15 1.92 +0.09 0.59 1.62 £+ 0.08** 6.50 + 0.25**P 4.01

aResults are expressed as mean & SD (n = 3). (**) p < 0.01 compared with tracer. ? p < 0.05 compared with WT.

16 16 MDCKII cells. The accumulation of3H]-MXR was used

a7 A 14 B as positive control because it is a classic BCRP subsfrate.

However, we unexpectedly found that the MXR permeability

i I e exhibited differing temperature-sensitive changes in cellular
g 10 - g 10 0l e accumulation, depending on cell type. When we decreased
= . = i i " temperature in an effort to diminish energy-dependent efflux

= i E transport activity, MXR accumulation in WT cells decreased,
2| g 84 while its accumulation in the bcrpl-transfected cells increased
il A i (Figure 1). This suggests an effect on competing transport
i M systems to a varying degree; in the case of the wild-type
cells an active influx system was inhibited, and in the case

0- 0 T A of the bcrpl-transfected cells, the overexpressed efflux

i i e il i) e system had a greater influence on overall intracellular

Probenecid (uM) TEA (uM) accumulation.

Figure 6. Probenecid and TEA influence on [*H]-mitoxantrone In a subsequent experiment, the intent was to examine the
accumulation. In the presence of broad spectrum inhibitors concentration dependence of the berpl efflux transporter

probenecid (A) and TEA (B), [FH-MXR accumulation in using an increasing concentration of MXR in the donor

MDCKII cells significantly decreased. Results are expressed medium (tracer to 2@&M). If MDCKII cells were serving

as mean £ SD (n = 3). (*, p < 0.05, **, p < 0.01; compared as simply a background cell for the expression of transfected
with control group.) berpl, then an increasing concentration of MXR should result

in an increased MXR accumulation in bcrpl MDCKII cells

concentration$?13 Therefore, transporter function has im- (saturating efflux), and have no influence on MXR ac-
portant implications in drug action, i.e., efficacy and toxicity. cumulation in the WT MDCKII cells. However, as seen in

In the clinic, MXR use has been limited by the develop- Figure 2, the MXR accumulation in both WT and berp1 cells
ment of resistancéOften this resistance to MXR has been decreased significantly, and interestingly, to the same relative
attributed to the overexpression of drug efflux transporters extent. In this experiment, a 180 min incubation time was
(e.g., P-gp (Abcbl), MRPI (Abccl), and BCRP (Bcrpl)), chosen because both our preliminary experiments on the time
an alteration in intracellular drug distribution, reduced course of accumulation (data not shown) and literature reports
topoisomerase |l activity, or some combination of these indicate that the MXR net accumulation in the cell after 3 h
diverse mechanisnfs? It has not been previously reported  would reach steady statelt was found that tracer MXR
that the development of resistance to MXR could be related accumulation in both Wi|d_type and bcrpl_transfected cells
to a change, i.e., decreased expression or function, in activejecreased with the increase of MXR concentration, evidence
influx transport. The current study is the first report of an that strongly suggests the existence of influx transporter for
MXR influx transporter in mammalian cells, which has been MXR in the MDCKII cells. Given that steady-state ac-
shown to be important to MXR permeability and influences cumulation represents the net effect of both of influx and
the active intracellular concentrations. If this transporter is efflux transport Systems (particu|ar|y in the bcrpl-transfected
widely expressed in tumors and other normal tissues, its cells), evaluation of an influx process with such a long
expression may have significance in effective use of MXR. incubation time may not be adequate. Therefore, initial

The initial motivation of this study was to verify and yptake rates (2 min incubation) were examined to evaluate
characterize the bcrpl function in the bcrpl-transfected the saturable influx transporter contribution to MXR perme-
ability and cellular accumulation (Figure 3A). The MXR

(12) Kim R. B. Transporters and xenobiotic dispositidimxicology

2002 181-2, 291-7. (15) Allen, J. D.; Brinkhuis, R. F.; Wijnholds, J.; Schinkel, A. H. The

(13) Thomas, J.; Wang, L.; Clark, R. E.; Pirmohamed, M. Active mouse Bcrpl/Mxr/Abcp gene: amplification and overexpression
transport of imatinib into and out of cells: implications for drug in cell lines selected for resistance to topotecan, mitoxantrone, or
resistanceBlood 2004 104, 3739-45. doxorubicin.Cancer Res1999 59, 4237-41.

(14) Canal, P.; Attal, M.; Chatelut, E.; Guichard, S.; Huguet, F.; Muller, (16) Jang, S. H.; Wientjes, M. G.; Au, J. L. Interdependent effect of
C.; Schlaifer, D.; Laurent, G.; Houin, G.; Bugat, R. Plasma and P-glycoprotein-mediated drug efflux and intracellular drug binding
cellular pharmacokinetics of mitoxantrone in high-dose chemo- on intracellular paclitaxel pharmacokinetics: application of
therapeutic regimen for refractory lymphom&sancer Res1993 computational modeling. Pharmacol. Exp. Ther2003 304,

53, 4850-4. 773-80.
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initial uptake rates at tracer concentrations in both the wild- (control) group, and the directional flux in WT and bcrpl
type and berpl-transfected cells were similar, suggesting thatMDCKII cells was not different. These results indicate that,
the activities (functional expression) of the MXR influx in some instances, MXR influx transporter function could
transporter in the two cell lines are similar (see Figure 3A mask the efflux transporter function. However, under the
and Table 1). current experimental conditions, the influx active transport
An additional interesting finding in these accumulation System was more easily saturated than the efflux system. A
experiments is that the effects of increasing the concentrationhigh concentration of MXR (2@M) could saturate the influx
of MXR on the initial influx are similar to its effects on ~ transport system, revealing the functional efflux transport
tracer MXR accumulation aft& h incubation (steady state), ~2activity (see Figure 7, in the proposed localization and
when both influx and efflux processes are occurring. This orientation, an influx transporter would mask efflux trans-
finding may be a result of widely differeri,, values for porter functlop)._These interesting directional flu?< results lead
the influx transporter versus the bcrp-mediated efflux © @n appreciation of the influence of competing transport

transport. However, another more likely possibility is the systems (i.e., influx vs efflux), their' rglative affinities for a
fact that the relatively high extracellular MXR concentration €0mmon substrate, and the possibility of one transporter
may saturate an influx system (which presumably is sampling concealing the function of the other (Figure 7).

from the bulk), whereas intracellular concentrations, espe- Overall, our results show that not only is MXR net
cially the free concentration in the cell, could be significantly Permeability in cells affected by passive diffusion and efflux
below the K, for bcrp-mediated transport and not show transport but also a putative influx transporter plays an
concentration dependence. Lower intracellular concentrations,mportant role. The cellular accumulation of many drugs is
or significant intracellular binding, could significantly affect influenced by influx transporters, and that can lead to changes

the apparenky of an efflux transport process. This has been in drug efficacy. For example, lower temperature significantly

eloquently shown for the transport of paclitaxel in P- decreased the accumulation of several HIV protease inhibi-

glycoprotein overexpressing celfs. tors in CEM cells, indicating active influx transport for the
Both of these observations, the temperature- and concenProtease inhibitor$: Also, it is well-recognized that the

. : e downregulation of the reduced folate carrier (SLC19A1, an
tration-dependent accumulation, are indicative of a complex .

. . influx transporter that serves as a primary process for cellular
process for MXR cellular accumulation and stimulated us . .
. accumulation of anti-folates, such as methotrexate), can lead
to further evaluate the mechanism of MXR cellular perme-

ability using directional flux experiments in MDCKII cells. to a clinically important resistance to methotrexate treat

. .. . .__ment!® Moreover, the anti-folate example is particularly
This would be an additional way to examine and characterize . :
the existence of an active influx transporter, the most germane since the upregulation of the ABCG2 (bcrpl) gene

plausible explanation for the MXR accumulation results. In s also involved in the complex development of resistance
A . ) " to methotrexaté? A very similar example of this complex
the MXR directional flux experiments, it was found that, in y P P

: interplay between influx and efflux transporters has recently
xg(::wyigﬁ:retng]:innOIt?éegsp‘;th:itteralge?(;ﬂ,;\lvclj?(rsgtlil:)):wAl::g\_/\?ever been reported by Thomas et al., who found that the uptake
. oo ' ' of [*C]-imatinib was temperature dependent. At low tem-
in the presence of 20M unlabeled MXR, the A-to-B flux [cl b P

: - perature, imatinib cellular accumulation decreased, again
decreased, and the opposing flux (B-to-A) was significantly j,icative of an active influx proceds. Their further

mc_reased (see Figure 5A)' These data strong_ly suggest th(;T‘nvestigation suggested that this active influx was mediated
existence of an MXR influx transporter localized on the by hOCT1, and additional clinical evidence showed the
apical membrane of the MDCKII cells. importance of the hOCT1 influx system in imatinib resis-
One important aspect of these directional flux studies is tance?! The authors suggested that the expression of the
that they revealed the relationship between MXR competing imatinib influx transporter hOCT1 contributed to its drug
efflux and influx transporters. In a situation where efflux resistance as well as a contribution by efflux transporters,
ratios in bcrpl-transfected MDCKII cells are utilized to  such as ABCB1 (P-glycoproteij.Therefore, the balance
screen drugs or compounds in development for bcrpl- petween the expression of efflux and influx transporters may
substrate status, one could make an erroneous judgmengietermine the intracellular levels and hence the response to
depending on the concentration of the putative substrate in
the donor media. In the present case, if only tracer MXR is
examined, then the efflux transporter function could not be

(18) Jones, K.; Hoggard, P. G.; Sales, S. D.; Khoo, S.; Davey, R.;
Back, D. J. Differences in the intracellular accumulation of HIV

distinguished for this known prototypical substrate of bcrpl protease inhibitors in vitro and the effect of active transpiS
(see Figures 4 and 5). Compariiyy, values (apparent 2001 15, 675-81.

permeability) in Table 2, it can be seen that traéeij{MXR (19) Kager, L.; Cheok, M.; Yang, W.; Zaza, G.; Cheng, Q.; Panetta,
flux from A to B is greater than from B to A in the tracer J. C.; Pui, C. H.; Downing, J. R.; Relling, M. V.; Evans, W. E.

Folate pathway gene expression differs in subtypes of acute
lymphoblastic leukemia and influences methotrexate pharmaco-

(17) Jang, S. H.; Wientjes, M. G.; Au, J. L. Kinetics of P-glycoprotein- dynamics.J. Clin. Invest.2005 115 110-7.
mediated efflux of paclitaxell. Pharmacol. Exp. TheR001, 298 (20) Crossman L. C.; Druker, B. J.; Deininger, M. W. N. hOCT 1 and
1236-42. resistance to imatinitBlood 2005 106, 1133-4.
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Figure 7. Schematic of proposed transporter roles in mitoxantrone flux in the MDCKII cell apical membrane. (A) At the apical
side of the MDCKII cell, MXR permeability is influenced by both efflux and influx transporters, and at tracer concentrations the
active influx transport dominates this process resulting in a greater A-to-B than B-to-A transport. (B) However, when a sufficiently
high concentration of substrate (e.g., MXR at 20 uM) saturates the influx transporter, it has less effect on efflux transporter
function, resulting in a change in direction of the most efficient transport process (B-to-A greater than A-to-B).

imatinib2° In a similar manner, the existence of an MXR reasonable to hypothesize that this is the MXR influx
influx transporter may suggest that either the downregulation transportef? This is because MXR is positively charged at
or inhibition of active influx transport may be a mechanism physiological pH* Therefore, it seems more likely that the
of MXR resistance, in addition to efflux transport. If such a MXR-influx transporter will be one that is responsible for
system was downregulated in some patients vs others, thennflux transport of cations, such as OC®sThere are few
this could also be a mechanism of resistance to MXR reports about OCT expression in MDCK cells. Shu et al.
treatment and lead to significant interpatient variability in claimed that there was detectable OCT2 in MDCK c#lls.
drug response. However, because both the OAT inhibitor probenecid and
In drug absorption, distribution, metabolism, and excretion,
many of the influx transporters can be classified as organic >3y gon, L. B.; Spears, K. J.; Yao, D.: Ayrton, A.; Morgan, P.: Roland,
cation transporters (OCTSs), zwitterions/cation transporters Wolf, C.; Friedberg, T. Endogenous drug transporters in in vitro

(OCTNs), or organic anion transporters (OA¥3)This and in vivo models for the prediction of drug disposition in man.
putative MXR influx transporter may belong to one of these Biochem. Pharmacol002 64, 1569-78. -
transporter families, and it is very crucial in maintaining (24) Raghunand, N.; Mahoney, B.; van, Sluis, R.; Baggett, B.; Gillies,
intracellular MXR concentration in MDCKII cells. Although R. J. Acute metabolic alkalosis enhances response of C3H mouse
. . mammary tumors to the weak base mitoxantrdvenplasia2001,
some OATSs are expressed in MDCKII cells, it may not be 3 227-35
(25) Ciarimboli, G.; Schlatter, E. Regulation of organic cation transport.

(21) Pirmohamed, M.; Wang, L.; Clark, R. E. Imatinib and hOCT1: Pfluegers Arch2005 449 423-41.

implications for drug resistance and interactidsi®od 2005 106, (26) Shu, Y.; Bello, C. L.; Mangravite, L. M.; Feng, B.; Giacomini,

1134. K. M. Functional characteristics and steroid hormone-mediated
(22) Koepsell, H.; Endou, H. The SLC22 drug transporter family. regulation of an organic cation transporter in Madin-Darby canine

Pfluegers Arch2004 447, 666—76. kidney cells.J. Pharmacol. Exp. The2001, 299 392-8.
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the OCT inhibitor TEA could decrease MXR uptake (Figure has a key role in the maintenance of the intracellular
6), MXR might not be a selective substrate for these transportconcentration of MXR, it is easily saturated by high dose
systems. Another candidate influx transporter subfamily is MXR, and as such the cellular accumulation will be sensitive
the OCTNs?22” OCTN2 has an interesting characteristic in to extracellular concentrations. This is an important caveat
that the accumulation of its prototypical substrate, carnitine, on the use of a common cell culture model for transcellular
could be decreased by both probenecid and TEA in OCTN2- transport, the MDCKII cell. It has many complicating
transfected HEK293 cells, exactly like the MXR behavior characteristics with regard to multiple and competing trans-
in the current MDCKII cell model systed:?° It is also port systems that may need to be considered when exploring
possible that MXR undergoes active influx by multiple the influence of a single target transport system, such as
transporters, and additional studies are warranted to examindacrpl. For example, since MXR influx transporters exist
this possibility. The data in Figure 6 are indicative of the within these cells, the interpretation of cellular accumulation
inhibition of active influx; however, the actual magnitude data may be more complex with regard to experimental
of decreased accumulation may be muted by the effects ofdesign, such as accumulation time. It may also be prudent

either probenecid or TEA on active efflux processes.
Additional studies are warranted to examine the identity of
this influx transporter, therefore allowing a specific charac-
terization using transfected cell models.

In the current study, we show two important findings
relevant to the cellular accumulation of MXR and hence its
pharmacological action. First, the uptake of MXR into
MDCKII cells is predominantly an active rather than a

to use a sufficient MXR concentration (such as;2@) to
saturate the influx transport function when this cell model
is used for efflux transporter evaluation, as seen with the
directional flux results in the current study (see Figure 7).
In a recently published study designed to examine a medium
throughput method for determining bcrp activity, Xiao et al.
observed significant MXR flux difference in a bcrp-trans-
fected MDCKII cell line at a concentration as high as 10

passive process, as demonstrated by the unlabeled MXRuM MXR.3°
competition and temperature dependency experiments. Sec- The recognition of an MXR influx transporter also has

ond, as shown by the directional flux studies, this influx
transporter exists in the apical membrane of MDCKII cells,
and has a higher MXR affinity when compared with the
berpl efflux transporter. Although the influx transport system

(27) Tamai, I.; Yabuuchi, H.; Nezu, J.; Sai, Y.; Oku, A.; Shimane,
M.; Tsuji, A. Cloning and characterization of a novel human pH-
dependent organic cation transporter, OCTREBS Lett.1997,

419 107-11.

(28) Enomoto, A.; Wempe, MF.; Tsuchida, H.; Shin, H. J.; Cha, S.
H.; Anzai, N.; Goto, A.; Sakamoto, A.; Niwa, T.; Kanai, Y.;
Anders, M. W.; Endou, H. Molecular identification of a novel
carnitine transporter specific to human testis. Insights into the
mechanism of carnitine recognitiod. Biol. Chem.2002 277,
36262-71.

(29) Ohashi, R.; Tamai, I.; Inano, A.; Katsura, M.; Sai, Y.; Nezu, J.;
Tsuji, A. Studies on functional sites of organic cation/carnitine
transporter OCTN2 (SLC22A5) using a Ser467Cys mutant protein.
J. Pharmacol. Exp. The2002 302, 1286-94.

potential clinical implications. If the transporter is widely
expressed, the MXR influx and efflux transport can comprise
a competing system, which may be critical to MXR antitumor
effects and the development of resistance. Effective use of
MXR is dependent on the adequate delivery of the drug to
its intracellular sites of action and, given the current results,
it is probable that both influx and efflux transporters play
an important role in achieving this cellular delivery. Further
studies are needed to identify and characterize the MXR
influx transporter including inhibitor selectivity and substrate
structural requirements.

MP060083B

(30) Xiao, Y.; Davidson, R.; Smith, A.; Pereira, D.; Zhao, S.; Soglia,
J.; Gebhard, D.; de Morais, S.; Duignan, D. B. A 96-well efflux
assay to identify ABCG2 substrates using a stably transfected
MDCK II cell line. Mol. Pharmacol.2006 3, 45—54.
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