7
t I

ELSEVIER Biochemical Pharmacology 6? (2091) 561-567
Short communication

The absence of stereoselective P-glycoprotein- and multidrug
resistance-associated protein-mediated transport of daunorubicin

Chatchanok LoetchutingtChristine Heywany Waldemar Prieb®
Arlette Garnier-Suillerdt*

4 aboratoire de Physicochimie Biomoleculaire et Cellulaire, UMR 7033, UnivePRstes Nord, 74 Rue Marcel Cachin, 93017 Bobigny, France
®The University of Texas, M.D. Anderson Cancer Center, 1515 Holcombe Blvd, Houston, TX 77030, USA

Received 17 October 2000; accepted 22 March 2001

Abstract

Multidrug resistance phenotype in mammalian cells is often correlated with overexpression of P-glycoprotein (P-gp) or multidrug
resistance-associated protein (MRP1). Both proteins are energy-dependent drug efflux pumps that efficiently reduce the intracellu
accumulation and hence the cytotoxicity of many natural cytotoxins. Thus, both P-gp and MRP1 proteins are able to transport anthracycli
but the role of chirality has not, up to now, been addressed. In this study, we compared the P-gp- and MRP1-mediated efflux of daunorubic
and its enantiomer WP900 in multidrug-resistant cells overexpressing either P-gp (K562/ADR cells) or MRP1 (GLC4/ADR cells). Using
fluorescence techniques, we showed that in both cell lines the presence of the pump yielded a gradient of drug concentration: the intracellt
free drug concentration in the cytosol was lower than the extracellular free drug concentration. Our data showed that the gradient
concentration generated by the pump was the same whether DNR or WP900 was used. This means that P-gp on the one hand and M
on the other recognise WP900 as well as DNR and that the chirality of the molecule plays no role. © 2001 Elsevier Science Inc. All right
reserved.
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1. Introduction A thorough understanding of P-gp and MRiPansport
characteristics is necessary for the development of novel
The multidrug resistance phenotype in mammalian cells chemotherapeutics, chemomodulators, and treatment re-
is often correlated with overexpression of P-glycoprotein gimes that could be used clinically to counteract the result-
(P-gp) or multidrug resistance-associated protein (YRP  ing accumulation deficit. Consequently, a great deal of in-
[1,2]. Both proteins are energy-dependent drug efflux terest is focused on identifying: (i) new non-cross-resistant
pumps that efficiently redupe the intracellular accumulayon drugs having physicochemical properties enhancing the up-
and hence the Cy'FOtOXICIty of many natural cytotoXins igke of the drug by the resistant cells [7-11]; and (i)
[3-6]. Overexpression of these transporters by tumor cells ohemical agents (reverting agents) that can antagonise drug
is thc_)ught tq be a S|gn|f|9ant factor in both intrinsic and transport by these proteins [12—14]. P-gp-mediated multi-
acquired resistance to anticancer drugs. drug resistance is reversed by a variety of compounds,
including C&" channel blockers such as verapamil and
* Corresponding author. Tel+33 148 38 77 48; fax:+33 148 38 77 their analogs [15, 16]. The—)-isomer of verapamil is
E-mail addressgarnier@Ipbc.jussieu.fr (A. Garnier-Suillerot). _]'O_fOId more potent as a calqum antagonist than thp> (
Abbreviations:P-gp, P-glycoprotein; MRP1, multidrug resistance-as- 'S_Omer' However, bOt_h enant'o_mers have been reporteq to
sociated protein; DNR, daunorubicin; WP900, daunorubicin enantiomer; Similarly reverse multidrug resistance [17-21], suggesting
C,, intracellular free drug concentration in the cytosq); €tracellular free that their recognition by P-gp is non-chiral. Surprisingly,
drug concentration; G, overall concentration of drug accumulated inside few agents reverse the MR#nediated multidrug resis-
the cell (in the nucleus and in the acidic compartment); &verall con- T .
tance, and almost all agents that reverse P-gp-mediated

centration of drug bound to the nucleus;,,Gor C,), intracellular drug ) X ) )
concentration; CCA, concanamycin A; and RF, resistance factor. multidrug resistance cannot reverse MR®Rediated multi-

77.
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Table 1
Cross-resistance pattern of K562/ADR and GLC4/ADR cells
cell line K562/ADR GLC4 GLC4/ADR
K562
61 nM 380+ 50nM RF 63 6+ 1 nM 50+ 5nM RF=8
2.2+ 0.5uM 60 + 10uM RF 28 2.2+ 0.5uM 9+ 1uM RF=4

ICsq IS the drug concentration required to inhibit 50% of cell growth. Resistance factor value was calculated as resistggiseerdlitive celicg, The
values represent mears SD of triplicate determinations.

drug resistance, while very little is known about the role of 2.2. Drugs and chemicals
chirality [22].

It has been shown recently that both P-gp and MRP Purified doxorubicin and daunorubicin (DNR) were
proteins were able to transport anthracycline. However, the kindly provided by Pharmacia-Upjohn Laboratory. Dauno-
role of chirality has not, up to now, been addressed. As rubicin enantiomer (WP900) (Fig. 1) was provided by the
anthracycline and verapamil do not have the same bindingauthor W. Priebe. Concentrations were determined by di-
site on P-gp [23-25] the data obtained with verapamil can- |uting stock solutions to approximately 1OM with &,4, =
not be extrapolated to anthracycline. In this study, we com- 11500 M~ cm L. Stock solutions were prepared just before
pared the P-gp- and MRRnediated efflux of the anthraey  se concanamycin A (CCA) and Triton X-100 were from
cline DNR and of its enantiomer (WP900). For this purpose, Sigma. Before the experiments, the cells were counted,
we determined the gradient of anthracycline concentrationsCentrifuged and resuspended inNBEPES buffer solution
generated by the presence of the pump in erythroleukemiaContaining 20 mM HEPES plus 132 mM NaCl, 3.5 mM
cells (K562) resistant to doxorubicin and overexpressing KCI, 1 mM CaCl, 0.5 mM MgCl at pH = 7.3. Ail other

P-gp. This gradient is the same for both anthracyclines f the high i 14l L
indicating that they are pumped out by P-gp with the same reagents were of the highest quality available. Deionized
doubled-distilled water was used throughout the experi-

efficiency. Analogous data were obtained with small lung ;
cancer cells (GLC4) overexpressing MRRlaunorubicin ents.
and its enantiomer are pumped out with the same efficiency.

2. Materials and methods

2.1. Cell culture and cytotoxicity assays

GLC4, small lung cancer cells, and the MR&pressing
GLC4/ADR cells [26], K562 leukemia cells and the P-
glycoprotein-expressing K562/ADR cells [8] were cultured
in RPMI-1640 (Sigma Chemical Co.) medium supple-
mented with 10% foetal bovine serum (Biomedia) at 37° in
a humidified incubator with 5% C{ The resistant K562/

ADR and GLC4/ADR cells were cultured with 400 nM or

1.2 uM doxorubicin, respectively, until one to four weeks

before experiments. Cell cultures used for experiments were

split 1:2 one day before use in order to assure logarithmic H;COC
growth.

The cytotoxicity of the anthracyclines was determined by
incubating cells (18) with 6 different concentrations of
anthracylines for 72 hr in standard 6-well plates. Then, the
Ic5eS (50% inhibitory drug concentrations) were determined
by counting the cells using a Coulter counter. The resistance

factor (RF) was defined as theg, for the resistant cells H,
divided by thecg, for the corresponding sensitive cells. The OH
values obtained are shown in Table 1. As can be seen, the

cytotoxicity of WP900 towards sensitive cells is about 300— NH,

400 times less than that of DNR. Fig. 1. Structure of daunorubicin and WP900.
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O 0 WP900 nucleus in steady-state [8,14,27—-30]. The accumulation of
\ 0—0—0—o0—o DNR and WP900 inside the cells was also monitored using
" \ flowcytometry (Becton-Dickinson).
1 [ J
'\ 3.3. Uptake of daunorubicin and WP900 by sensitive cells
60 ~ _ - . .
~ Inside the cells daunorubicin can interact with many
cellular components. It is well known that a quenching of its
40- *— fluorescence signal is observed when the drug intercalates
between the base pairs in nucleus and also when it accu-
mulates, because it is a weak base, into acidic vacuolar
20 compartments such as lysosomes. We verified that the quan-
tum yield of fluorescence was the same for DNR and W900
0 . . . and that the fluorescence of both molecules was subject to
0 2 4 6 8 10 the same degree of quenching.
uM DNA (bp) In a first set of experiments, the uptake of DNR and
. . _ WP900 in sensitive cells was followed using macrospec-
F|g_. 2_. Interaction of DNR and WP900 with DNA. Thg fluorescence trofluorescence. In these experiments ceII?,InhQ were
emission at 590 nm\(,, = 480 nm) was recorded as a function of the DNA | - - o
concentrations (bp) added togm anthracycline in buffer solution at pH  incubated for 2 hr with various concentrations of drug
7.3 and 37°. ranging from 1 to 15uM. Fig. 3 shows the decrease in the
fluorescence signal when DNR 1 (A) or 1M (B), and
WP900 1 (C) or 10uM (D) were added to the cells sus-
3. Results pended either in NaHEPES buffer in the absence (a) or
presence (b) of 20 nM CCA, which is a specific and potent
3.1. Comparison of the interaction of daunorubicin and inhibitor of vacuolar H -translocating ATPases [31,32]. As
WP900 with DNA can be seen, at kM DNR the accumulation was not
dependent on the presence of CCA and, in both cases, the
It is well known that anthracyclines intercalate between addition of Triton X-100 to permeabilise the membrane did
the base pairs in DNA yielding a quenching of the fluores- not give rise to significant modification of the signal (Fig.
cence of the drug. Fig. 2 shows the decrease in the fluores-3A). This indicates that the nucleus binding sites were
cence signal of DNR (1uM) when DNA was stepwise  mainly occupied. However, things were different when high
added (Na-HEPES buffer at pH 7.3, 37°). Fifty percent of drug concentration was used (Fig. 3B). When cells were
quenching was observed at a molar ratio of DNA (base incubated in the presence of CCA, the fluorescence signal
pairs) to DNR equal to-6. When a similar experiment was  decreased as a function of the time of incubation and then
performed with WP900, no quenching was observed, show- plateaued after about 60 min. The addition o6 Triton
ing that this molecular was unable to intercalate between the4% did not yield any modification in the fluorescence signal,

(% of the control)

Fluorescence intensity at 590 nm

base pairs in DNA. indicating that DNR was accumulated in the nucleus only
and not accumulated in non-nuclear compartments (similar
3.2. Cellular anthracycline accumulation data were obtained using ATP-depleted cells, i.e. cells

which were incubated in the presence gf Ahd the absence

The rationale and validation of our experimental set-up of glucose). However, when cells were incubated without
for measuring the accumulation of anthracyclines in tumor CCA, the accumulation of drug inside the cells was higher
cells has been extensively described and discussed beforas attested by the strong decrease in the fluorescent signal.
[8,14,27-30]. It is based on a continuous spectrofluoromet- Moreover, after the addition of Triton X-100, the signal
ric monitoring (Perkin EImer LS50B spectrofluorometer) of became the same as that observed in the presence of CCA.
the decrease in the fluorescence signal of the anthracycline When cells were incubated with any concentration of
at 590 nm 4., = 480 nm) after incubation with cells ina WP900, in the presence of CCA, no modification in the
1-cm quartz cuvette. This method will hereafter be named fluorescence signal was observed, in agreement with the
macrospectrofluorescence. The decrease in fluorescence o@revious observation that WP900 was unable to intercalate
curring during incubation with cells is due to quenching of between the base pairs in DNA and with the fact that there
the fluorescence after intercalation of anthracycline betweenwas no gradient of pH in the intracellular vesicles (Fig. 3, C
the base-pairs of DNA and/or to its accumulation into in- and D). However, when WP900 was incubated with cells in
tracellular compartments. We have previously shown that the absence of CCA, the decrease in the fluorescence signal
this methodology allows one to measure accurately the was strong. After the addition of Triton X-100, the fluores-
overall concentration of anthracycline accumulated inside cence signal became equal to that observed in the presence
the cell and that intercalated between the base pairs in theof CCA.
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= l Triton ., | Triton tration of DNR (left) and WP900 (right) accumulated into sensitive cells
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g ., total drug concentration added to the cells). In the same
= 150 manner, the overall concentration of drug bound to the
§ 307 100 nucleus can be determined from the decrease in the fluo-
g 20- rescence signal measured in the presence of CCA. This
é . © s | @ concentration will hereafter be labelleq (C,, = C+. [(Fo —

ie—— Cells «—Cells Fn)/FO]) ’ . . .

ol "t We have previously determined that the intracellular pH,
0 20 40 60 80 100 120 140 0 20 40 60 80 100 120 140 . .. .
Time (min) in both sensitive and resistant K562 or GLC4 cells, was very

Fig. 3. Uptake of DNR and WP900 by sensitive K562 cells. The fluores- Close_ t? ”7'3 [27h’ 3?]:] The g)ftraceII”uIar pH beé;ng equal ;O
cence signal at 590 nm was recorded as a function of time. CefisniLp 7.3, it follows that for sensitive cells, in steady state, the

were incubated with daunorubicindM (A) or 10 uM (B), with WP900 concentration of drug free in the cytosé;, and in the
1 uM (C) or 10 uM (D), in HEPES buffer in the absence (a) or in the  extracellular medium, ¢ are the same; is the local
presence (b) of 20 nM CCA. At + 0, the intensity of the fluorescence  concentration of drug free in the cytosol, referring to the cell
signal was & After 2 fr, the intensity was fi (~CCA) or F, (+CCA)and — y51yme). G is proportional to the fluorescence signal of the
5 uM Triton X-100 was added. . . .
drug incubated with cells: C= (F/Fy). C; in the presence
of CCA and G = (F,,/Fy). C; in the absence of CCA. Fig.

The observation that the decrease in the fluorescence4 shows the plot of the overall concentration of DNR (left)
signal is a measure of the drug accumulated inside the cellor WP900 (right) accumulated inside the cell as a function
can be verified by the following simple experiment: after 2 of €;; the measurements were performed after 2 hr of
hr, the interval of time after which most of our measure- incubation either in the absence or in the presence of CCA.
ments were done, cells were centrifuged and the fluores- In a second set of experiments, the accumulation of the
cence signal of the supernatant recorded. In every case, tharug was followed using flow cytometry and the signal was
fluorescence intensity was equal to that observed in therecorded after a 2-hr incubation under the conditions de-
presence of cells, indicating that this signal can be assignedscribed above. Surprisingly, the signal was more intense in
to the drug free in the extracellular medium. It follows that the case of cells incubated with drug in the presence of CCA
the overall concentration of drug accumulated inside the cell than in its absence, although, according to the previous
(in the nucleus and/or in the acidic compartment) is directly experiments, the intracellular drug accumulation was lower
proportional to the decrease in the fluorescence signal (thein the first case than in the second. Actually, due to the
overall concentration is an apparent concentration corre-quenching of the drug fluorescence when it is either bound
sponding to the drug intercalated between the base-pairs ofto the nucleus and/or accumulated inside acidic compart-
DNA referring to the total volume of solution in which cells ment, the fluorescence signal recorded via flow cytometry is
are suspended). The overall concentration will hereafter benot at all proportional to the drug concentration inside the
labelled G,; (C,1 = Ct. [(Fo — F,1)/Fo] where G is the cells. This is clearly seen in Fig. 5, where the flow cytom-
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Fig. 5. Flow cytometry and intracellular drug concentration. The intensity Fig. 6. Flow cytometry and the cytosolic free drug concentration. The
of the fluorescence signal {f,) recorded via flow cytometry was plotted  intensity of the fluorescence signal.{f) recorded via flow cyometry was
as a function of the intracellular DNR (left) or WP90O (right) concentration  pjotted as a function of the cytosolic free drug concentratién,deter

determined in HEPES buffer in the absence (full circlgy)@r in the mined in HEPES buffer in the absence or in the presence of 20 nM CCA.

presence (empty circle, Lof 20 nM CCA. K562 cells (left) and GLC4 cells (right); WP900 (circle) and daunorubicin
(square) in the absence (full symbol) or presence (empty symbol) of 20 nM
CCA.

etry signal was plotted as a function of the intracellular drug

concentration either in the absen@g,, or in the presence,  technique (Fig. 7). These experiments allowed the determi-
%, of CCA (€, and€,, are the intracellular concentrations  pation of the extracellular free drug concentratiqn I8 the

of drug referring to the cell volume; using the estimation ¢ase of DNR, we have previously shown that it was also
that the cell volume is 10 L, it follows that when 18 possible to calculate the cytosolic free drug concentration
cells/L are usedié, ~ C, X 10°). No correlation was  [2g]. However, by this technique, it was quite impossible to
observed and this is especially striking for WP900. How- getermine the cytosolic free WP900 concentration. To solve
ever, when the flow cytometry signal was plotted as a thjs problem, and be able to calculde, we utilised the
function of the free drug concentratidfy;, in the cytosol, a previous observation that the flow cytometry signal was
very good linear correlation was observed whether the cells proportional td6;. Therefore, the flow cytometry signals of
were incubated or not with CCA. Fig. 6 shows the data for (esjstant cells incubated for 2 hr with various concentrations

K562 and GLC4 cells. of DNR or WP900 ranging from 1 to 16M were recorded,
From these experiments, we can conclude that the flow ang the curve of Fig. 6 used as a calibration curve to

cytometry signal is strictly proportional to the amount of geterminee,.

drug free in the cytosol. The signal arising from the nucleus

is not detectable under these conditions, as the values ob- s 100 -
tained for DNR as well as for WP900 can be fitted with the DNR 1M WP900 1 pM
same linear correlation (Fig. 6). It should be emphasilsat]
when cells are incubated with anthracycline (especially at high
concentration), many small brightly stained organelles are vis-
ible by fluorescent microscopy. Incubation of cells with CCA @
prevented the appearance of the brightly fluorescent bodies,;
indicating that the vacuoles could not be acidified. However,
the signal detected by flow cytometry is lower in the absence
of CCA, showing that the fluorescence signal from these com-
partments cannot be detected by this technique.
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Experiments similar to those described above were per-
formed with resistant cells. The accumulation of drug in _ _ . o
Fig. 7. Comparison of uptake of daunorubicin and WP900 by sensitive and
these cells was very low (DNR) and even undetec'{_able resistant K562 cells. The fluorescence signal at 590 nm was recorded as a
(WP900) as was attested by the very small decrease in th&unction of time. Cells, 10mL, were incubated with .M DNR (left) or
fluorescence signal determined using macrofluorescencel uM WP900 (right).
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2,5+ 51 %,;, which is generated by the presence of the pump. A
K562/Adr GLC4/Adr o problem inherent to almost all studies on cellular efflux and
specifically the study of P-gp and MRRs the lack of
control of the experimenter over the intracellular free drug
m concentration;, which can often be roughly estimatég,
154 34 however, is one of the most important parameters determin-
ing the transport rate. We have previously developed a
1.0 u 2 n fluorometric method to determine not only the rate of efflux
of DNR (and other anthracyclines) but also the concentra-
tion of free drug in the cytosol which is likely to be pumped
0.5 1 out [8,14,27-30]. This method is based on the observation
° u that the DNR fluorescence is quenched when the molecule
0,04 : : : . 01.— - - moves from the extra- to the intracellular medium where it
0 4 8 12 16 0 4 8 12 16 intercalates between the base pairs of DNA in the nucleus.
Ce (uM) The drug bound to the nucleus being in thermodynamic
Fig. 8. Gradient of concentration generated by P-gp in K562/Adr and equilibrium with that free in the cytosol, the measure of the
MRVF\}SSO%L%;AT f:s";-iccfer"':e"‘gije igﬁ?ﬁtﬁ;% ZVC‘;Se“T;fH‘e’Vd“gE’:R concentration of drug bound to the nucleus yielded that of
l?urnction of.the extr)f:lcellular drug cogcentratiogfﬁr SVPQOOp(circIe) and Fhe dr_uQ free in the cytosol. Therefofé, can be determined
DNR (square). in resistant cells.
DNR has two asymmetric centres at C(7) and C(9), both
having the S configuration. In WP900, the two asymmetric
3.5. Free cytosolic drug concentratiof,, and centres at C(7) and C(9) have the R configuration, prevent-
extracellular drug concentration, £in resistant cells ing its intercalation between the base pairs. It follows that
no modification of the fluorescent signal is observed when
Fig. 8 shows the plot of the cytosolic free DNR or this molecule moves from the extra- to the intracellular
WP900 concentratiori¢;, as a function of the extracellular  mediym, in the presence of CCA. Therefore, the determi-
drug concentration for K5_62/ADR. Strictly similar experi-  nation of 6, is not possible using the above methodology.
ments were performed with GLC4/ADR cells overexpress- oo important piece of data of our study is the demonstra-

ltngthMRPl Eump. -(Ij-rf‘e d;;‘é;or '\I/IIRPWh'CT ar:e very S'm'[[atrh tion that thanks to the use of two independent fluorometric
0 those observed for Ces, are not Shown excep Osetechniques, macrofluorescence and flow-cytometry, it is

related to the cytosolic free DNR or WP900 concentration possible to directly determine the free drug concentration in

€ Ai‘ ng;gij);tézze(l:gilarg(;rﬂgecogfr?tgt;g?%g[\fglga.n?ngoo the cytosol. Actually, our data clearly show that the cytoflu-
g <), b orometric signal is proportional to the amount of drug free

are on the same line for K562/ADR and GLC4/ADR cells, . h t0sol and that th ficioai  the drua bound t
respectively, indicating that the gradient of concentration '?1 N CBI/ osoland tha de_par Icipa Iolrll(l) € rug” oun hF’
generated by the pump, either P-gp or MR the same the nucleus or entrapped into intracellular organelles to this

whether the substrate is DNR or WP900. signal in undetectable. ] ) )
We have been able to determiige for WP900 in resis

tant cells. Our data show that whegp f6r DNR and WP900
are the samég; for DNR and WP900 are also the same. In
other words, the gradient of concentration generated by the
The aim of this study was to determine whether the P-gp- pump is the same whether DNR or WP90_0 Is used. These
and MRR-mediated transport of anthracycline was stereo data are observed for P-gp and for MRFhis means that
selective or not. The lack of stereoselectivity in the P-gp- P-9P on the one hand and MR®n the other recognise
mediated transport of verapamil has been previously dem-WP900 as well as DNR and that the chirality of the mole-
onstrated [17-21]. However, from these data it is not cule plays no role.
possible to draw any conclusion for anthracyclines as far as
these molecules have a binding site different from that of
verapamil [23-25]. Acknowledgments
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