
Abstract. Doxorubicin (dox) encapsulated in polyiso-
hexylcyanoacrylate nanospheres (PIHCA-dox) can circumvent
P-glycoprotein-mediated multidrug resistance (MDR). In order
to investigate whether this drug formulation is able to select
MDR cells in culture in the same way as free doxorubicin does,
two human tumour cell lines, K562 and MCF7, were grown
with increasing concentrations of either free dox or PIHCA-
dox. For both drug formulations and for each selection level,
the cell lines were more resistant to free dox than to PIHCA-
dox. The MCF7 sublines selected with PIHCA-dox exhibited a
higher level of resistance to both doxorubicin formulations than
those selected with free doxorubicin. Different levels of
overexpression of several genes involved in drug resistance
(MDRl, MRP1, BCRP and TOP2·) occurred in the resistant
variants. MDR1 gene overexpression was consistently higher in
free dox-selected cells than in PIHCA-dox-selected cells, while
this was the reverse for the BCRP gene. Overexpression of the
MRP1 and TOP2· genes was also observed in the selected
variants. Our results show that several mechanisms may be
involved in the acquisition of drug resistance and that drug
encapsulation markedly alters or delays these processes.

A number of solid tumours and leukaemias are primarily

sensitive to chemotherapy but develop a secondary

resistance, which is a major cause of treatment failure of

cancer patients, leading to premature death. Of special

interest are the mechanisms of multidrug resistance

(MDR), i.e. those directed towards a number of unrelated

drugs after exposure to one of them. Although limited at

the beginning to drug efflux by the multidrug transporter,

P-glycoprotein (P-gp), the concept of multidrug resistance

has been progressively extended to several mechanisms,

involving mainly ATP-dependent drug transporters: P-gp,

MRP (multidrug resistance protein), BCRP (breast cancer

resistance protein), but also other proteins such as LRP

(lung resistance protein) or topoisomerase II · (see (1)

for review).

Several ways for circumventing the ABC pumps

responsible for drug extrusion, especially P-gp, have been

successfully developed in in vitro models, but there has been

global disappointment when these have been tested in the

clinical setting. One of the most popular approaches has

been the use of small molecules such as verapamil or

cyclosporine A, which directly interact with P-gp and

sensitize resistant cancer cells to cytotoxic agents such as

anthracyclines or vinca-alkaloids. Another approach has

been the encapsulation of the cytotoxic agent in liposomes

or nanoparticles (2), or its conjugation to polymers (3). The

mechanism by which drug encapsulation allows

circumvention of the P-gp-related drug resistance is unclear,

but this approach is attractive since liposomes or

nanoparticles can be easily tested in the clinics: several

liposome formulations of doxorubicin and daunorubicin are

currently available for routine clinical use.
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Of special interest is a doxorubicin formulation obtained

by encapsulation of the drug in polyisohexylcyanoacrylate

(PIHCA) nanospheres, which has been proposed to protect

the drug from rapid degradation and to slow down drug

release (4). These colloidal, biodegradable particles were

thought to allow the intracellular capture of doxorubicin by

an endocytotic process (5) which would be active in tumour

cells, while doxorubicin freely enters both normal and

tumour cells. It has been shown, in several models, that

doxorubicin nanospheres bypass the multidrug resistance of

tumour cells in culture (6,7), and it has been proposed that

the particulate form of doxorubicin can escape the P-gp

efflux process. This drug formulation is currently in clinical

development and constitutes an interesting model to study

the mechanisms of MDR circumvention.

Numerous authors have developed MDR cell lines by

culture in the presence of anticancer drugs (8). It has been

shown that the selection of resistant cells by anticancer

drugs in the presence of MDR reverters led to the

implementation of mechanisms of resistance distinct from

those obtained with the anticancer drug alone (9). In order

to establish whether different mechanisms of resistance can

be selected in human cancer cell lines by free and

encapsulated doxorubicin, we undertook the selection of

two common human tumour cell lines, the leukaemia K562

and the breast cancer MCF7, by long-term culture in the

presence of either free doxorubicin or doxorubicin

encapsulated in PIHCA nanospheres (PIHCA-dox). The

expression of several multidrug resistance genes was

evaluated in the cell lines obtained by quantitative real-time

RT-PCR.

Our results show that particulate doxorubicin selects

doxorubicin-resistant cells, which are more resistant to both

free doxorubicin and PIHCA-dox than free doxorubicin.

However, PIHCA-dox remains more cytotoxic than free

doxorubicin against these resistant cell lines. Analysis of the

expression of several MDR-related genes (MDR1, MRP1,

BCRP and TOP2·) revealed a differential selection of the

genes overexpressed in the cells according to the drug

formulation used for the selection, similarly in the two types

of tumour cells.

Materials and Methods

Cell culture. MCF7 cells, from human breast adenocarcinoma (10),

and K562 cells, from human erythroleukemia (11), were grown

respectively in monolayer and suspension cultures in RPMI-1640

medium, supplemented with 10% heat-inactivated foetal calf serum

and antibiotic mixture (penicillin: 100 U/ml; streptomycin: 0.1

mg/ml), all purchased from Biochrom KG (VWR, Strasbourg,

France). They were grown at 37ÆC in 75-cm2 Petri dishes (Nunc,

VWR) with 10 ml culture medium, in a humidified atmosphere

containing 5% CO2. The cell layers and suspensions were generally

replicated once a week, and the culture medium was renewed 1 or

2 times between two replications. In addition to variants selected

with increasing concentrations of free or encapsulated doxorubicin,

we studied, for comparison, the doxorubicin-resistant established

cell lines MCF7-DoxR (12) and K562-DoxR (13).

Drugs. Doxorubicin hydrochloride was supplied as clinical

formulation by Pharmacia and Upjohn (Saint-Quentin-en-Yvelines,

France). Unloaded and doxorubicin-loaded PIHCA nanospheres,

were obtained from Bioalliance Pharma S.A. (Paris, France). This

particulate form was prepared by polymerisation of

isohexylcyanoacrylate in the presence or absence of doxorubicin,

as previously described (4). The nanospheres  obtained were 200-

300 nm in diameter and the weight ratio polymer/doxorubicin was

about 13 in these conditions. They were lyophilised, reconstituted

before use in phosphate-buffered saline (PBS), and diluted in

culture medium at the doxorubicin concentration required.

Selection of resistant cell lines. The cells were grown in the presence

of stepwise increasing concentrations of either unloaded PIHCA

nanospheres (control), doxorubicin-loaded PIHCA nanospheres

(PIHCA-dox), or free doxorubicin (dox). The concentrations steps

were 1, 3, 10, 30, 100 and 300 ng doxorubicin per ml of culture

medium of either free or encapsulated doxorubicin. The amount of

blank PIHCA nanospheres in the control cultures was the same as

that of PIHCA-dox nanospheres in the test cultures. At each step,

cells were allowed to grow for 8 replications (about 2 months). At

the end of each step, the level of resistance to both free dox and

PIHCA-dox was determined, cells were harvested for RNA

extraction, and aliquots of the cultures were frozen in liquid

nitrogen. The remaining cells were processed to the next step by a

3-fold increase in doxorubicin concentration.

Growth inhibition assays. Free dox and PIHCA-dox  were assessed

for their ability to inhibit cell growth in all the cell lines generated

during the process of selection. Cells in exponential phase of

growth were seeded in 6-well plates (5x105 cells by well) and

allowed to grow for two cell cycles. The culture medium was

renewed and drugs added for a 2-h incubation. Cells were then

washed in PBS and allowed to grow in fresh medium for two cell

cycles. Cells were then harvested and counted with a ZM Coulter

counter (Coultronics, Margency, France). All experiments were

carried out in triplicate, and at least three times independently. 

RNA extraction and reverse transcription. RNA extractions were

performed using Trizol reagent (Life Technologies, Cergy-Pontoise,

France) according to the method of Chomczynski and Sacchi (14).

Reverse transcription was performed on 200 ng of total RNA, in a

reaction mixture containing 500 ÌM dNTPs, 5.5 mM MgCl2, 2.5 ÌM

random hexamers, 4 units of RNase inhibitor, 12.5 units of MulV

Reverse Transcriptase, in 1xPCR buffer (KCl 50 mM, Tris-HCl 10

mM, pH 8.3) in a final volume of 10 Ìl (all reagents supplied by

Applied Biosystems, Courtaboeuf, France). Samples were incubated

for 10 min at 25ÆC, then for 30 min at 48ÆC for reverse

transcription, and 5 min at 95ÆC for enzyme inactivation.

Quantitative real-time polymerase chain reaction. MDR1 (ABCB1),

MRP1 (ABCC1), BCRP (ABCG2) and TOP2· gene expressions were

investigated by quantitative PCR, using GAPDH expression as a

control for each sample. Primers and probes were chosen using Primer

Express software (Applied Biosystems) and were the following :
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MDR1: CCC AGG AGC CCA TCC TGT (sense); CCC GGC TGT

TGT CTC CATA (antisense);  TGA CTG CAG CAT TGC TGA

GAA CAT TGC (probe).

MRP1: GGT GCC CGT CAA TGC TGT (sense); CGA TTG TCT

TTG CTC TTC ATG TG (antisense) ; ATG GCG ATG AAG

ACC AAG ACG TAT (probe).

BCRP: TGC AAC ATG TAC TGG CGA AGA (sense) ; TCT

TCC ACA AGC CCC AGG (antisense); TTG GTA AAG CAG

GGC ATC GAT CTC TCA (probe).

TOP2·: AAG GAA CTA AAA GGG ATC CAG CTT (sense) ;

TTT GCG GCG ATT CTT GGT (antisense); TGT CTC TCA

AAA GCC TGA TCC TGC CAA (probe).

GAPDH: we used the human GAPDH control kit provided by

Applied Biosystems.

All primers were purchased from Eurogentec (Angers, France).

MDR1 and GAPDH probes were labelled in 5’ by VIC as a

fluorochrome and in 3’ by TAMRA as a quencher, and were

synthesised by Applied Biosystems. Other probes were supplied by

Eurogentec, with 5’ HEX labelling as fluorochrome and 3’

TAMRA labelling as quencher.

The reaction was performed in a final volume of 50 Ìl with

Universal PCR Master Mix (Applied Biosystems), 50 nM of each

primer and 80 nM of probe, in 96-well plates, incubated as follows:

2 min at 50ÆC (AmpErase UNG activation), 10 min at 95ÆC

(AmpliTaq Gold Enzyme activation) and 40 cycles of 15 sec

denaturation at 95ÆC and 1 min annealing and extension at 60ÆC,

according to the instructions of the manufacturer, using an

AbiPrism 5700 thermocycler (Applied Biosystems). 

All quantitative RT-PCR reactions were performed 3 times in

triplicate, and data were treated as follows, as recommended by the

manufacturer. A fluorescence threshold was arbitrarily chosen at

the beginning of the exponential phase of amplification of the

matrix. The number of amplification cycles necessary to reach the

threshold was called CT. For each sample, the CT of the genes of

interest were evaluated and normalised with the CT of the GAPDH
gene. Moreover, each sample underwent a second normalisation by

its control, which means for example that a sample from K562 cells

cultured with PIHCA-dox was normalised by K562 cells cultured

with PIHCA, and a sample from K562 cells cultured with free dox

was normalised by K562 cells cultured in standard medium. The

result of the two normalisations gave the following value for the

relative quantitative expression of the gene of interest (Egene):

Egene=2
-[(CTgene,sample - CTGAPDH,sample

) - (CTgene,control
- CTGAPDH,control

)]

Immunodetection of P-gp by flow cytometry. After one wash in TNE

buffer (consisting of 23.7 mM Tris-HCl, 4.9 mM Tris-base, 120 mM

NaCl and 2 mM EDTA, adjusted at pH 7.4) and one wash in TNE

buffer containing 1% bovine serum albumin (TNE/BSA), 5x105

K562 or MCF7 cells were incubated for 30 min with phycoerythrin-

conjugated monoclonal antibodies (PE-Mabs) directed against P-gp,

at the concentrations of 5 Ìg/ml for PE-UIC2 (Immunotech,

Marseille, France) as well as for PE-15D3 (Becton Dickinson, Paris,

France). Non-specific fluorescence was evaluated with PE-

conjugated isotypic controls obtained from the same manufacturers

as the PE-Mabs. Cells were washed twice with TNE/BSA and

suspended in TNE buffer supplemented with 0.001 ÌM Sytox®green

(Molecular Probes) for cell viability detection.

After 10 min of incubation, the cells were run on a FACscan

flow cytometer (Becton Dickinson) with a 488 nm argon-ion laser.

Green (Sytox®green for viability) and red (PE-Mabs for P-gp

detection) fluorescence signals were respectively transmitted

through a bandpass 530/30 nm filter to a Fl1 photomultiplier tube

(PMT) and through a bandpass 585/42 nm filter to a Fl2 PMT.

List mode data acquisition and analysis were performed on 10,000

viable cells with Cell Quest software (Becton Dickinson). Forward

scatter and side scatter were collected using linear scales.

Fluorescence signals were logarithmically amplified, compensated

for spectral overlap and converted to linear values before use in

statistical analysis. Results are expressed as the ratio of the

arithmetic mean fluorescence intensity of PE-Mab to the

arithmetic mean fluorescence intensity of the PE-conjugated

isotypic control (Mab/T).

Functional assay of P-gp by flow cytometry. Cell suspensions of K562 or

MCF7 cells (1x106 cells/tube) were distributed in test tubes, to

evaluate cell autofluorescence, rhodamine 123 uptake and efflux, and

verapamil and cyclosporine A effects on rhodamine 123 uptake and

efflux, at the respective concentrations of 10 and 1 ÌM. Fluorescence

of propidium iodide, used for cell viability detection, was measured

on Fl2 and rhodamine 123 uptake was measured on Fl1

photomultiplicators. Data acquisition and analysis were performed as

described above. The mean fluorescence of rhodamine 123 was

evaluated for each condition of cell incubation, after acquisition of

10,000 viable cells. Rhodamine 123 uptake was expressed as the ratio

of arithmetic mean fluorescence intensities. Verapamil and

cyclosporine A effects on rhodamine 123 uptake and efflux were also

expressed as the ratio of arithmetic mean fluorescence intensities.

Results

Selection of resistant cell lines. During the selection procedure,

we noticed that cell growth was much slower when carried out

in the presence of PIHCA-dox than of free dox, at each

concentration used. As a consequence, the selection of

variants resistant to PIHCA-dox took much longer than that

of variants resistant to free dox. In addition, it was not possible

to select PIHCA-dox-resistant cells at a concentration higher

than 10 ng/ml for MCF7 cells, and 30 ng/ml for K562 cells,

due to the arrest of cell growth at these concentrations. In

contrast, both cell lines could be selected with higher

concentrations of free dox, up to 300 ng/ml. Unloaded PIHCA

nanospheres did not show any toxicity at the concentrations

used, as previously shown (6), and cell growth had a similar

rate in the presence and absence of blank nanospheres.

Consequently, we obtained K562 (K) and MCF7 (M)

sublines able to grow in the presence of 1 ng/ml free dox

(FD) or PIHCA-dox (PD); they were named K-FD1 and M-

FD1, K-PD1 and M-PD1, respectively. At the next step (3

ng/ml), the lines were named K-FD3 and M-FD3, K-PD3

and M-PD3; then at 10 ng/ml, K-FD10 and M-FD10, K-

PD10 and M-PD10, and at 30 ng/ml, K-FD30 and K-PD30

(no MCF7 cells could grow with 30 ng/ml PIHCA-dox). At

each step, cells were frozen in liquid nitrogen in order to

perform the growth inhibition assays and  gene expression

studies on all sublines simultaneously, with the same batches

of each drug formulation.
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Growth inhibition. Table I presents the cytotoxicity (expressed

as IC50) of both forms of doxorubicin, free and encapsulated,

against each variant selected either with free dox or with

PIHCA-dox. For comparison, the cytotoxicity of the drug

formulations vis-à-vis the classical MCF7-doxR and K562-

doxR cell lines was also evaluated and presented in Table I.

Although viable and slowly growing, the K-PD30 subline

could not be accurately tested for growth inhibition assays

because of its protracted doubling time (> one week). The

IC50 of both doxorubicin formulations slowly increased during

the process of selection of resistant variants, the difference

between drug-selected and wild-type cells being significant for

selection levels above 1 ng/ml (MCF7 cells) and 3 ng/ml (K562

cells). At each selection level, the IC50 of free dox was higher

than the IC50 of PIHCA-dox in both cell types, selected with

either doxorubicin formulation: as a consequence, the level of

resistance to free dox was higher than the level of resistance to

PIHCA-dox for identical concentrations of selection, and this

was true for the two cell types, MCF7 and K562. When

comparing the K562 cells selected by both drug formulations

at a given concentration, no significant difference in free dox

or PIHCA-dox IC50s was exhibited. In contrast, the various

MCF7 cells selected with PIHCA-dox were significantly more

resistant to both drug formulations than those selected with

the same concentration of free dox.

Expression of resistance genes. The expression of resistance

genes relative to that of a housekeeping gene was evaluated

in all cell variants of the MCF7 and K562 lines in

comparison to the wild-type cells for which expression level

was arbitrarily set at 1. 

Free doxorubicin selected cells overexpressing  the MDR1

gene in a dose-dependent way. As can be seen in Figure 1,

a significant overexpression of the gene occurred in all the

conditions and cell lines studied. When cells were selected

with free doxorubicin, the expression of the MDR1 gene

rose to 8 relative units in K562 variants and to 25 relative

units in MCF7 variants during the acquisition of resistance.

Cells selected with increasing amounts of PIHCA-dox

showed similarly an overexpression of the MDR1 gene,

which was, however, significantly lower than in cells selected

with free dox at the same concentrations. 
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Table I. IC50 values of free dox and PIHCA-dox in the K562 and MCF7 variants selected with free dox or PIHCA-dox.

Cell linea Selection level Selection drug Free dox PIHCA-dox p’ Ratio 

IC50 (ÌM) IC50 (ÌM) Free dox / 

PIHCA-dox 

MCF7 - - 0.22 ± 0.05 0.22 ± 0.05 ns 1.0

M-FD1 1.7 nM Free dox 0.17 ± 0.09 0.17 ± 0.09 ns 1.0

p 0.02 0.02

M-PD1 1.7 nM PIHCA-dox 0.34 ± 0.05 0.34 ± 0.05 ns 1.0

M-FD3 5.1 nM Free dox 0.49 ± 0.05 0.31 ± 0.05 0.001 1.6

p 0.0001 0.0005

M-PD3 5.1 nM PIHCA-dox 0.95 ± 0.09 0.62 ± 0.09 0.0003 1.5

M-FD10 17 nM Free dox 0.67 ± 0.04 0.48 ± 0.05 0.02 1.4

p 0.002 0.02

M-PD10 17 nM PIHCA-dox 1.40 ± 0.03 0.60 ± 0.04 0.0001 2.4

MCF7-DoxR 10000 nM Free dox 2412 2.47 ± 0.04 10-5 ≈ 1000

K562 - - 0.26 ± 0.06 0.09 ± 0.01 0.002 1.0

K-FD1 1.7 nM Free dox 0.16 ± 0.03 0.07 ± 0.02 0.004 0.8

p ns ns

K-PD1 1.7 nM PIHCA-dox 0.30 ± 0.09 0.11 ± 0.03 0.01 1.0

K-FD3 5.1 nM Free dox 0.22 ± 0.07 0.12 ± 0.04 0.05 0.6

p ns ns

K-PD3 5.1 nM PIHCA-dox 0.31 ± 0.08 0.12 ± 0.04 0.005 0.9

K-FD10 17 nM Free dox 1.12 ± 0.13 0.23 ± 0.03 0.01 1.7

p ns ns

K-PD10 17 nM PIHCA-dox 1.34 ± 0.03 0.23 ± 0.02 0.001 2.0

K-FD30 51 nM Free dox 3.16 ± 0.02 0.24 ± 0.03 10-5 4.5

K562-DoxR 340 nM Free dox 11.2 ± 0.03 0.25 ± 0.04 10-5 15.3

aDenominations of the cell variants as follows: M: MCF7 cell variant; K: K562 cell variant; FD: Free dox; PD: PIHCA-dox; 1: grown with 1 nM

of drug. As an example, M-FD1 is a variant of the MCF7 cell line selected with 1 ng/ml of free dox, which corresponds to 1.7 nM of drug.

p indicates the significance of the results between FD and PD cells (rows) and p’ between the cytotoxicity of free drug and particulate drug

(columns). Significance of the results was calculated by Student’s t-test.



Selection of cell lines with free or encapsulated dox led

to an overexpression of the MRP1 gene in both cell types

and at each drug selection level (Figure 2). For this gene,

there was no relationship between the intensity of the

selection pressure and the gene expression response : for

both types of variants, MRP1 gene expression was already

of 2 relative units when cells were cultured with 1 or 3 ng/ml

of free dox, but on reaching 10 ng/ml of drug for MCF7

cells, or 30 ng/ml for K562 cells, the MRP1 expression only

rose to 4.5-fold. Excepted for the 1 ng/ml step in MCF7

cells, no significant difference between the overexpression

of the MRP1 gene according to the drug formulation used

for selection could be observed. 

The cell lines selected by free or encapsulated doxorubicin

also overexpressed the BCRP gene (Figure 3), at levels

between 2 and 20 according to the cell line and the drug

concentration used for selection. In K562 cells, the level of

overexpression was systematically higher in variants selected

with PIHCA-dox than in those selected with free doxorubicin.

This contrasts to what was observed with MDR1

overexpression, suggesting that different mechanisms were

induced by long-term culture with free dox or PIHCA-dox.

Unexpectedly, doxorubicin selected TOP2·-overexpressing

cell lines (Figure 4), with the exception of K562 cells at the 

1 ng/ml step. MCF7 variants overexpressed TOP2· 4- to 7-

fold when selected with either free or encapsulated

doxorubicin at all selection levels, while K562 variants

displayed a significantly higher overexpression when selected

with particulate doxorubicin than with free drug. Moreover,

the relationship between the selection pressure and TOP2·
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Figure 1. Quantification of MDR1 gene expression by RT-PCR in MCF7 and K562 variants selected with increasing concentrations of either free or
PIHCA-dox. Results ± s.e.m. are presented relatively to the expression in control cultures.

Figure 2. Quantification of MRP1 gene expression by RT-PCR in MCF7 and K562 variants selected with increasing concentrations of either free or
PIHCA-dox. Results ± s.e.m. are presented relatively to the expression in control cultures.



gene expression was unclear: MCF7 variants showed a quite

constant overexpression of the gene, not dependent on the

concentration of the drug, whereas K562 variants showed a

maximal overexpression at the dose of 3 ng/ml, which

decreased at further steps. 

Immunodetection and functional activity of P-gp as measured
by flow cytometry. The cell lines of both origins selected at

the 10 ng/ml level by both drug formulations were assessed

for the presence of P-glycoprotein at the surface of the cell

membrane by flow cytometry using two phycoerythrin-

conjugated anti-P-gp antibodies, UIC2 and 15D3, and their

isotypic controls. Despite the fact that we used a highly

sensitive technique for P-gp evaluation, we were not able to

detect the presence of P-gp in the resistant cell lines. 

In the same cell lines, the functional activity of P-gp was

evaluated by accumulation and efflux of a fluorescent P-gp

substrate, rhodamine 123, in the absence and presence of

inhibitors, verapamil and cyclosporine A. In drug-selected cells

as well as in wild-type cells, no difference could be detected in

drug accumulation when the P-gp inhibitor was added. Only a

slight difference could be detected in drug efflux in the

presence of cyclosporine A, in the MCF7 drug-resistant

variants, but it remained under the limit of significance. 

Discussion

The encapsulation of doxorubicin in polyisohexylcyanoacrylate

nanospheres has been shown by several groups to circumvent

multidrug resistance (6,7). The mechanism which was
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Figure 3. Quantification of BCRP gene expression by RT-PCR in MCF7 and K562 variants selected with increasing concentrations of either free or
PIHCA-dox. Results ± s.e.m. are presented relatively to the expression in control cultures.

Figure 4. Quantification of TOP2· gene expression by RT-PCR in MCF7 and K562 variants selected with increasing concentrations of either free or
PIHCA-dox. Results ± s.e.m. are presented relatively to the expression in control cultures.



originally proposed involved the endocytosis of the loaded

nanospheres: in these conditions, doxorubicin would not be

recognised by P-gp during uptake and would reach its nuclear

target before being extruded by the ATP-dependent export

pump. However, it was later shown, unambiguously, that

endocytosis was not occurring in cancer cells at a sufficient

rate to explain the P-glycoprotein bypass (15). Another

mechanism has been proposed by de Verdière et al. (16). It

involves ion pair formation between doxorubicin and

polycyanoacrylic acid, allowing drug entry in the cell under a

form not recognised by P-gp, or at a rate not compatible with

the rate of P-gp-mediated efflux. Ion-pair formation would

increase the apparent lipophilicity of doxorubicin, which

would then behave as the most lipophilic anthracyclines,

idarubicin and pirarubicin (17). 

It is not clear whether the principal cause for the

occurrence of resistance in a tumour treated by anticancer

drugs is the selection of pre-existing resistant cells or the

induction of mechanisms of resistance, but both processes

probably interplay in cellular models as well as in the

clinical setting. As a general feature, the cell lines grown in

the presence of anthracyclines develop "classical" multidrug

resistance, involving P-gp. The use of etoposide and

mitoxantrone rather led to MRP1- or BCRP-overexpressing

cells (18,19), although these proteins were also

overexpressed in some doxorubicin-selected lines. In

addition, so-called "atypical" multidrug resistance,

characterised by a decrease in topoisomerase II ·

expression and activity (20), could be obtained by selection

in the presence of etoposide or amsacrine. The reason why

one mechanism or another one is implemented in cancer

cells remains unknown, but should be of importance in

clinics when several lines of chemotherapy are expected to

be prescribed sequentially after failure of a given protocol.

In order to establish whether free and particulate

doxorubicin were able to select different mechanisms of

resistance in cancer cells, we submitted two different

tumour cell lines to progressively increasing concentrations

of both formulations. This protocol has usually been

followed to obtain multidrug-resistant cells (8). The cell

lines obtained were not cloned in order to respect the

heterogeneity which occurs during this process in patients.

The results we obtained with free dox were identical to

those obtained in many laboratories during the process of

generation of resistant sublines. In contrast, generating

resistant sublines with PIHCA-dox was much more difficult;

at each step, the cells barely adapted to dose increase, with

a slowing down of the growth and eventually the

impossibility of developing a high level of resistance to

doxorubicin. The process was somewhat similar to that

observed when tumour cells were selected by a combination

of an anticancer drug and a MDR reverter such as

verapamil (9). This may be of clinical importance, when

considering that treatment with effective doses of PIHCA-

dox may not allow the selection of highly resistant cells.

As a general result of the selection procedure, the MCF7

cells selected in the presence of PIHCA-dox eventually

presented a higher degree of resistance to both doxorubicin

formulations than cells selected in the presence of free dox

at the same dose; the phenomenon was not observed for

K562 cells. This observation may be of importance when

applied to the clinical setting: tumours relapsing after

treatment with free dox could be treated with PIHCA-dox,

but, in contrast, tumours escaping from treatment with

PIHCA-dox should not be treated with free dox. However,

this is compensated for by the fact that PIHCA-dox is in all

cases at least as cytotoxic as free dox, and often more

cytotoxic, especially when the degree of resistance increases.

This confirms the interest in PIHCA-dox to circumvent

doxorubicin resistance, as already shown by several groups,

including ours (6,7). 

Exploring the mechanisms by which the cells selected with

either of the doxorubicin formulations revealed a different

behaviour according to the gene studied. It appears that the

MDR1 gene was less overexpressed in the sublines selected

with PIHCA-dox than in those selected with free dox. In

contrast, the BCRP-encoding gene was preferentially

overexpressed by the cell lines selected with PIHCA-dox.

Whereas the first observation may reveal an advantage to the

particulate form in terms of clinical benefit, the second one

reveals that there is only a shift from the overexpression of a

pump to the overexpression of another one. Since both of

them behave as multidrug transporters, the clinical benefit of

treating patients with the particulate form might not be

evident. However, the two transporters do not have the same

substrate specificity, and BCRP does not transport taxanes

and vinca-alkaloids: one may take advantage of this

differential behaviour to choose a formulation not selecting

taxol- or vincristine-resistant cells, for instance. 

It has not been possible to confirm, at the levels of protein

content and functional activity, the involvement of P-gp in the

resistance of our cell variants to doxorubicin. It is well known in

fact that low levels of MDR cannot be easily detected in clinical

samples originating from leukaemia or breast cancer patients.

Though we cannot exclude the existence of a P-gp-idependent

mechanism as previously observed by Chen et al. (9), our results

may be related to a methodological problem. The technique we

used had been optimised for increased sensitivity (21), but P-

gp was also undetectable with this technique in the cell line with

the lowest MDR level used for this optimisation procedure

(K562/HHT30). RT-PCR is generally considered to be a much

more sensitive technique for MDR1 assessment (22). The fact

that we could not detect the presence and functional activity of

P-gp is related to an insufficient sensitivity of flow cytometry

rather than to a lack of involvement of P-gp in the mechanism

of resistance of our variants.
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The TOP2· gene appeared overexpressed at a constant level

in MCF7-resistant variants and in a dose-independent way in

K562-resistant variants. As mentioned earlier, one would have

expected a decrease in TOP2· expression if topoisomerase II

had been implicated in the resistance of the selected cell lines

(20). The regulation of TOP2· is relatively complex; this

enzyme has a cell cycle-dependent concentration in cells, with

a maximum activity in S-phase. The up-regulation of the gene

may result from an alteration in the cell cycle distribution of

the resistant variants as compared to the wild-type cells; it may

also be viewed as an adaptation of the cells to the permanent

presence of a topoisomerase inhibitor, in order to maintain a

constant availability of a functional enzyme. In any case, this

overexpression is likely to play no direct role in the doxorubicin

resistance of our variants. The effects of this overexpression on

topoisomerase II levels and functional activity is under study

in our laboratory.
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