
Abstract. The selection pressure for resistance to chemo-
therapy is accompanied by the enhanced expression of ABC
proteins and increased cellular glycosphingolipid content.
Thus, a possible connection between glycosphingolipid
metabolism and ABC proteins in drug resistance has been
suggested. In the present study, we established two human
multidrug-resistant (MDR) cell lines derived from MESSA
sarcoma cells by culturing with increasing concentrations of
doxorubicin (DX5 cells) or doxorubicin together with
cyclosporin A (GARF cells). Both resistant cell lines over-
expressed the MDR1 gene and the wild-type P-glycoprotein
at the same level. The cyclosporin derivative PSC833, a potent
inhibitor of P-glycoprotein, sensitized DX5 but not GARF
cells to the cytotoxic effects of daunorubicin. Moreover,
PSC833 increased the nuclear accumulation of daunorubicin
and the cellular accumulation of [3H]vinblastine in the DX5
but not in the GARF cells. The cellular incorporation of
[3H]-cyclosporin A was lower in DX5 cells compared to
MESSA and GARF cells, which incorporated the same level
of [3H]-cyclosporin A. Sphingolipid analysis showed that the
lactosylceramide level was 2.5- and 5-fold higher in DX5
and GARF cells, respectively, than in MESSA cells. Whereas
the pharmacological inhibition of lactosylceramide synthesis
was able to reverse only partially the resistance of GARF
cells to daunorubicin without significant increase in nuclear

accumulation of the drug, the same treatment before the co-
treatment with PSC833 and daunorubicin increased the
cytotoxic effect of daunorubicin and its nuclear accumulation.
These data suggest a possible relationship between lacto-
sylceramide levels and the resistance of P-glycoprotein to
modulation by MDR modulators.

Introduction

Resistance to anti-cancer drugs is the main reason for
treatment failure. Generally tumor cells initially respond well
to chemotherapeutic agents. However, repeated drug admin-
istration provides pressure, which often results in the selection
of drug-resistant cells and hence in incurable relapses. Cancer
cells develop multiple mechanisms to evade drug cytotoxicity.
One form of resistance is termed multidrug resistance (MDR)
(1,2) which is associated with a decrease in the intracellular
concentration of the anti-cancer drug and consequently a
reduction in the damage inflicted on the intracellular drug
target(s). Other mechanisms of drug resistance which have
been observed include alterations in gene expression in cellular
targets (3,4).

The altered pharmacology of drugs in MDR cancer cells
is mediated by the overexpression of membrane proteins
belonging to the ABC transporter family. P-glycoprotein
(Pgp, 170 kDa) was the first one to be discovered and is
encoded by the MDR1 gene (2). Additional ABC transporters
responsible for drug efflux include a protein known as the
multidrug resistance-associated protein (MRP1) (5). MRP1
shares many substrates with Pgp, but exhibits slightly different
substrate specificity. Moreover, the mechanism of drug
efflux by MRP1 differs from that of Pgp. MRP1 is involved
in the ATP-dependent transport of glutathione-S-conjugates
(6). In addition to other transporters belonging to the MRP
family which have been identified (7), a new ABC pump
known as BCRP has been described which behaves as a half
transporter (8). Many molecules can inhibit the activity of
ABC transporters by blocking the binding site of the drug on
the transporter and the efflux of the cytotoxic agent (9).

We, as well as others have shown that MDR cells which
overexpress Pgp or MRP1 display a high level of glucosyl-
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ceramide (GlcCer) compared to drug-sensitive cells (10-12).
The GlcCer synthase (GCS) inhibitor, threo-1-phenyl-2-
decanoylamino-3-morpholino-1-propanol (PDMP), is able to
decrease the GlcCer level in MDR cells and partially restore
their sensitivity to chemotherapeutic agents (13). The increase
in the GlcCer level in resistant cells is the consequence of a
higher activity of GCS (14) or an uncoupling between GCS
and lactosylceramide (LacCer) synthase in the Golgi apparatus
(15). The selection for resistance to anti-cancer drugs enhances
ceramide metabolism through GCS in addition to the increased
Pgp expression (16), whereas limiting the GCS activity down-
regulates the expression of Pgp (17). Therefore, it has been
suggested that sphingolipids can modulate the MDR pheno-
type.

In the present study, we analyzed sphingolipid levels in
two resistant sarcoma cell lines, DX5 and GARF cells, which
overexpress Pgp. We also investigated the possible relation-
ship between the LacCer level and the sensitivity of Pgp to
MDR modulators.

Materials and methods

Cells. MESSA, a human uterine sarcoma cell line, was grown
in monolayer. Resistant DX5 (18) and GARF cells were
isolated by stepwise selection upon culture with increasing
concentrations of doxorubicin (DOX) alone or together with
cyclosporin A (CSA), respectively. Cells were grown in a 5%
CO2 atmosphere at 37˚C in RPMI-1640 medium (Invitrogen,
Paris, France) supplemented with 10% fetal calf serum
(Invitrogen). DX5 and GARF cells were maintained contin-
uously in the presence of 0.25 μM DOX and 0.5 μM DOX
together with 2 μM CSA, respectively.

Drugs and chemicals. DOX, daunorubicin (DNR), 3-[4,5-
dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide
(MTT), PDMP, GlcCer, galactosylceramide (GalCer), and
LacCer were purchased from Sigma (Saint Quentin Fallavier,
France). [3H]Palmitic acid was obtained from GE Healthcare
Europe GmbH (Saclay, France). Vinblastine (VBL) was
obtained from Eli Lilly Co. (Indianapolis, IN). PSC833 was
provided by Sandoz Pharmaceutical Corp. (Basel, Switzer-
land). [3H]CSA and [3H]VBL were purchased from GE
Healthcare (Arlington Heights, IL). IntraPrep, the isotypes
IgG1 and IgG2a, the primary antibody UIC2 and goat F(ab')2
fragment mouse IgG (H+L)-FITC were obtained from
Immunotech (Marseille, France). The primary antibodies,
MRPm6 and BXP-34, were obtained from Alexis (San Diego,
CA).

mRNA analysis. Total RNA was extracted from 5x106 cells
using the RNeasy mini kit and DNase I (Qiagen) according
to the manufacturer's instructions. Total RNA (1 μg) was
reverse transcribed using random hexamers, MMLV reverse
transcriptase and reaction buffer provided in the SuperScript
First-Strand Synthesis System kit (Invitrogen). The volume
of generated cDNA was adjusted to 40 μl with diethylpyro-
carbonate-treated water.

Real-time quantification of MDR1, MRP1, MRP2, MRP3
and BCRP genes was performed on the ABI Prism 7000
Sequence Detection System (Applied Biosystems, Foster

City, CA, USA) using 5 μl of diluted cDNA, 350 nM of
forward and reverse primers and SYBR-Green PCR Master
Mix (Applied Biosystems, Warrington, UK) in a 25 μl reaction
volume under the following conditions: 95˚C for 10 min,
followed by 40 cycles of 94˚C for 45 sec, 60˚C for 45 sec,
72˚C for 45 sec and finally 72˚C for 10 min. Primers for
MDR1 (forward, AGGAAGCCAATGCCTATGACTTTA;
and reverse, CAACTGGGCCCCTCTCTCTC), BCRP
(forward, CAGGTCTGTTTCAATCTCACA; and reverse,
TCCATATGGTGGAATGCTGAAG), MRP1 (forward,
GAAGGCCATCGGACTCTTCA; and reverse, CAGCGCG
GACACATGGT), MRP2 (forward, TGCAGCCTCCATAAC
CATGAG; and reverse, GATGCCTGCCATTGGACCTA),
and MRP3 (forward, CACACGGATCTTGACAGACA
ATGA; and reverse, ACAGGGCACTCAGCTGTCTCA)
were designed using the Primer Express software (Applied
Biosystems). Primers for the TBP gene (forward, 5'-GCA
CAGGAGCCAAGAGTGAA-3'; and reverse, 5'-TCACAGC
TCCCCACCATGTT-3') were used according to a previously
described method (19).

Quantification of an endogenous control gene (TBP for
TATA box-binding protein) was performed to standardize the
amount of cDNA added to each reaction. Data are presented
as the relative expression of target genes using the comparative
threshold cycle (Ct) method (20). ΔCt is the difference in Ct
values of the target gene and the housing gene, TBP, for
sensitive and resistant cell lines. The relative expression of the
target genes in DX5 and GARF cell lines compared to the
MESSA cell line was expressed as ΔΔCt = ΔCt (DX5 or
GARF) - ΔCt (MESSA). The N-fold expression of the target
gene in DX5 or GARF cells was calculated as N=2-ΔΔCt. 

Flow cytometric analyses. For Pgp expression, 5x105 cells
were fixed with solution 1 of IntraPrep lysing solution
(Immunotech), and were washed and incubated for 45 min at
room temperature in the presence of 5 μg/ml of either the
monoclonal antibody UIC2 (Immunotech) that recognizes
an external epitope of the Pgp or the control IgG2a isotype
(Immunotech). The cells were washed with ice-cold phos-
phate buffer solution containing 1% bovine serum albumin
(Sigma), 5% fetal calf serum, and were then incubated for
15 min at room temperature in the dark in the presence of
goat F(ab')2 fragment anti-mouse IgG-FITC at a dilution of
1:50. For the MRP1 and BCRP expression, the cells were
fixed and permeabilized with solutions 1 and 2, respectively
of IntraPrep lysing solution. The cells were then incubated
for 45 min at room temperature with the monoclonal MRPm6
antibody (2.5 μg/ml) for the expression of MRP1 and BXP-34
(5 μg/ml) for the expression of BCRP (Coger, Paris, France)
or the mouse IgG1 isotype as the control (Immunotech). Anti-
body binding was detected with the goat F(ab')2 fragment
anti-mouse IgG-FITC (Immunotech). Cells were analyzed
using a Becton-Dickinson flow cytometer (Mountain View,
CA, USA). Fluorescein was excited at 488 nm with an argon
ion laser. Fluorescence emission was collected after passage
through a 530-nm band pass filter. Data were collected and
analyzed on a Hewlett-Packard model 310 computer interfaced
with the FACScan. Protein expression was determined as the
ratio of the mean fluorescence of the monoclonal antibodies,
UIC2/IgG2a, MRPm6/IgG1, or BXP-34/IgG1 control.
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MTT cytotoxicity assay. Cytotoxicity experiments were
performed using the MTT assay (21). The cells were plated
into 96-well microtitre plates at 25,000 cells per ml and
incubated for one day. The cells were then exposed to DNR
(0.01-100 μM) at 37˚C with or without the modulator for 2 h,
washed and placed in drug-free medium for 72 h. A solution
of MTT (20 μl, 2.5 mg/ml) was added to each well for 4 h.
The medium was then discarded and 200 μl of DMSO were
added to each well. Optical densities were recorded at 540 nm
using a Series 750 microplate reader (Cambridge Technology,
Watertown, MA). The 50% inhibitory concentration (IC50)
was determined as the drug concentration which resulted in a
50% reduction in cell growth. Fold resistance was calculated
by dividing the IC50 obtained for the resistant cells by the
IC50 obtained for the sensitive ones.

Determination of nuclear accumulation of DNR. Confocal
laser microspectrofluorometry was used for the acquisition
and analysis of emission spectra from a confocal section
within an isolated living cell. The nuclear accumulation of
DNR was monitored through its fluorescence emission
spectra. Cells were placed in petri dish 24 h prior to the
experiments. After treatment, the cells were washed free of
drugs with PBS at 4˚C and placed in medium without phenol
red at 4˚C (Sigma). The laser (457.9 nm, 4 μW) was focused
for 1 sec on a nucleus to obtain fluorescence emission spectra.
The emission arising from the nucleus can be expressed as
the sum of spectral contributions from the free and DNA-
bound drug models at known concentrations, and nuclear
autofluorescence. Each of these contributions had a charac-
teristic spectral shape. In addition, the model spectra showed
a 40-fold quenching factor for the DNA-DNR bound form
compared to the free form. These spectral contributions lead
to the concentrations of free and DNA-bound DNR (22). The
sum of free and bound drug concentrations gave the total
nuclear concentration of DNR. For each condition, nuclear
spectra (one per cell) of at least 50 cells per experiment were
recorded for three independent experiments.

Cellular accumulation of radiolabelled CSA and VBL. The
intracellular accumulation of [3H]CSA was measured at two
concentrations, 250 nM or 750 nM. The cells (106 cells/ml)
were incubated with CSA for 1 h in Falcon tissue culture
plates. The intracellular accumulation of [3H]VBL was
determined in the presence or absence of PSC833, using
106 cells/ml incubated with 1 μM [3H]VBL for 1 h. All
values were normalized to the protein content as previously
described (23).

Sphingolipid analysis. The sphingolipid content was
analyzed as described previously (24). Briefly, the cells were
seeded in 175 cm2 flasks with medium. After 24 h, the
medium was removed and replaced by complete medium
containing 1 μCi/ml 3H-palmitic acid with or without PDMP
for 24 h. Cells were washed twice with PBS, scraped and
centrifuged at 1,000 rpm for 7 min. For lipid extraction, cell
pellets were homogenized in 9% NaCl solution of 107 cells
per ml. Then, 3.75 ml of chloroform/methanol (2:1 v/v),
1.25 ml of chloroform and 1.25 ml H2O, were added. After
sonication and centrifugation at 1,000 rpm for 5 min, the

organic phase containing total lipids was removed and dried
under a stream of nitrogen. Total lipids were separated into
polar and neutral fractions by solid-phase extraction as
follows: Total lipids were dissolved in 100 μl chloroform and
applied onto a 200 mg silica (G60) column. Neutral lipids
were eluted with 8 ml chloroform/acetic acid (100:1, v/v).
Polar lipids were eluted with 10 ml acetone/methanol (19:1,
v/v) and evaporated to dryness. In order to analyze different
glycolipids, dried polar lipids were then re-suspended in
100 μl chloroform/methanol (2:1 v/v) and separated by thin-
layer chromatography (TLC, silica gel G60) using a solvent
system of chloroform/methanol/triethylamine/water
(30:35:35:6, v/v). Sphingomyelin was resolved by high-
performance TLC silica-gel 60 plates using a mobile phase
consisting of chloroform/methanol/acetic acid/formic acid/
water (35:15:6:2:1, v/v). Standard commercial glycolipids
and sphingomyelin were also chromatographed. Spots were
visualized by H2SO4 vapour after heating for 20 min at
180˚C. Glycolipids were scraped into 2 ml of scintillation
liquid and radioactivity was quantified by liquid scintillation
counting. Quantification of sphingomyelin was achieved
following densitometric analysis.

Statistical analysis. Values are presented as the means ± SD.
Mean values were considered to be significantly different
using an appropriate unpaired t-test.

Results

DX5 and GARF cells overexpress MDR1 and Pgp. In order
to evaluate the level of transcription of multidrug-resistance
genes in DX5 and GARF cell lines, real-time quantification
assays were performed and Ct was determined. Whereas
there was no significant difference in MRP1, MRP2 and
MRP3 gene expression between the control, DX5 and GARF
cells, MDR1 was strongly overexpressed in DX5 and GARF
cell lines. The expression of BCRP was increased only in
GARF cells (Table I).

The level of Pgp expression was determined by flow
cytometry using the UIC2 antibody. As expected, while
MESSA cells exhibited very low to undetectable levels of
Pgp with a normalized level of 1.04, DX5 and GARF cells
overexpressed Pgp (Table II). No mutation in Pgp was
detected in the GARF cells and protein glycosylation was
similar to that of wild-type Pgp (data not shown). Similar
measurements were performed using MRPm6 and BXP34
antibodies raised against MRP1 and BCRP and no significant
overexpression of these proteins was observed in the two
resistant cell lines.

PSC833 overcomes resistance to DNR in DX5 but not in
GARF cells. The cells were treated for 2 h with DNR (0.01-
100 μM) in the presence or absence of 2 μM of the MDR
modulator, PSC833. The cells were then washed and placed
in drug-free medium for 72 h prior to the cytotoxicity assays.
The IC50 of DNR was 1.5, 18 and 90 μM in MESSA, DX5
and GARF cells, respectively (Table III). Thus, DX5 and
GARF cells were 12- and 60-fold resistant to DNR compared
to MESSA cells, respectively. After PSC833 and DNR co-
treatment, the IC50 of DNR decreased in DX5 cells to a value
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of 1.5 μM and thus led to an almost complete reversion of
resistance. However, PSC833 did not sensitize GARF cells to
the cytotoxic effect of DNR. 

PSC833 increases nuclear accumulation of DNR in DX5
cells but not in GARF cells. Following treatment with 1 μM
DNR for 2 h in the presence or absence of 2 μM PSC833, the

cells were washed and analyzed by microspectrofluorometry.
In the absence of PSC833, the nuclear concentration of DNR
was reduced by ~60% in DX5 and GARF cells. When DX5
cells were treated with PSC833, the nuclear accumulation of
DNR almost doubled. In GARF cells however, PSC833 did
not increase the nuclear accumulation of DNR (Fig. 1A).

PSC833 increases [3H]VBL accumulation in DX5 cells but
not in GARF cells. Sarcoma cells were incubated with 1 μM
[3H]VBL for 1 h in the presence or absence of 2 μM PSC833.
The VBL accumulation in MESSA cells was 5-6 fold higher
than that in DX5 and GARF cells (Fig. 2A). When resistant
cells were treated with PSC833, [3H]VBL accumulation was
significantly increased in DX5 cells but not in GARF cells. 

Similar accumulation of [3H]CSA in MESSA and GARF
cells. As GARF cells did not respond to PSC833 (Figs. 1A
and 2A), we examined whether GARF cells have an impair-
ment of cyclosporin incorporation. The cells were incubated
for 1 h with [3H]CSA at two different concentrations (250
and 750 nM). The cellular accumulation of CSA in MESSA
cells was 2-fold higher than that in DX5 cells (Fig. 2B).
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Table I. Relative mRNA expression levels of MDR1, MRP1, MRP2, MRP3 and BCRP as estimated by real-time RT-PCR in
MESSA, DX5 and GARF cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

MESSA DX5 GARF
–––––––––––––––– –––––––––––––––––––––––––––– ––––––––––––––––––––––––––––

Gene Ct ΔCt Ct ΔCt N Ct ΔCt N
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
TBP 22.63 - 22.72 - - 22.61 - -
MRP1 23.37 0.74 23.76 1.04 0.81 22.36 -0.25 1.99
MRP2 19.47 -3.16 21.75 -0.97 0.22 21.67 -0.94 0.21
MRP3 26.10 3.47 28.41 5.69 0.21 28.27 5.66 0.22
MDR1 33.07 10.44 17.18 -5.54 64635 17.27 -5.34 56267
BCRP 27.30 4.67 27.26 4.54 1.09 24.36 1.75 7.57
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
The fold change of target gene expression in DX5 and GARF cell lines, normalized to TBP (ΔCt ) and compared to MESSA cells which
were used as the calibrators (ΔΔCt), was determined by the formula: N=2-ΔΔCt. Data are the means of three experiments.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table II. Relative protein expression level assessed by flow
cytometry.
–––––––––––––––––––––––––––––––––––––––––––––––––
Cell line Pgp MRP1 BCRP
–––––––––––––––––––––––––––––––––––––––––––––––––
MESSA 1.04±0.2 0.82±0.2 0.9±0.15
DX5 5.3±0.15 1.35±0.25 0.7±0.28
GARF 5.29±0.5 1.2±0.2 1.25±0.2
–––––––––––––––––––––––––––––––––––––––––––––––––
Data are expressed as the ratio of the arithmetic mean fluorescence
of UIC2/IgG2a, MRPm6/IgG1, or BXP34/IgG1 control. Data are the
means of three experiments.
–––––––––––––––––––––––––––––––––––––––––––––––––

Table III. Effect of PDMP on the cytotoxic effect of DNR with or without PSC833 in MESSA, DX5 and GARF cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

DNR + PSC833
after PDMP

DNR DNR + PSC833 DNR + PDMP pre-treatment
––––––––––––– ––––––––––––––– –––––––––––––––– ––––––––––––––––
IC50 FR IC50 FR IC50 FR IC50 FR

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
MESSA 1.5 0.8 1.5 1.1
DX5 18 12 1.5 1.88 12 8 1.5 1.36
GARF 90 60 90 60 56 37.30 3 2.73
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Cells were treated or not for 24 h with 20 μM PDMP prior to treatment with DNR (0.01-100 μM) in the presence or absence of 2 μM PSC833
for 2 h. The cells were then washed and incubated in medium for 72 h prior to the MTT assay measurements. The IC50 is the DNR
concentration which induces 50% growth inhibition. FR (fold resistance) = IC50 of DNR in resistant cells /IC50 of DNR in sensitive cells.

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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However, CSA accumulation in GARF cells was similar to
that of drug-sensitive cells.

High level of lactosylceramide in GARF cells. Intracellular
levels of GlcCer, GalCer and LacCer were determined after
metabolic labelling with [3H]palmitic acid. The amounts of
glycolipid-incorporated radioactivity were normalized to the
total amounts of protein (dpm/mg of protein). As shown in
Table IV, the LacCer level in DX5 and GARF cells was 2.5-
and 5-fold higher, respectively, than that in MESSA cells.
There was no significant change in cellular sphingomyelin
content, determined as the control, when the three cell lines
were compared. After 24-h treatment of DX5 and GARF cells
with 20 μM of PDMP, LacCer biosynthesis was strongly
inhibited as evidenced by a 95% decrease in LacCer content
(data not shown).

Effects of PDMP on the resistance to DNR and its nuclear
accumulation in DX5 and GARF cells. We then wished to
investigate the effect of the GCS inhibitor, PDMP, at sub-
toxic concentrations on the resistance to DNR in sarcoma

cells. The first step was to determine the IC10 of PDMP. Cells
were treated for 24 h with PDMP at various concentrations
(0.1 to 50 μM), then washed and further incubated for 72 h.
The concentration which induced <10% growth inhibition
was 20 μM. For DNR and PDMP association studies, the
cells were incubated 24 h with 20 μM PDMP and then treated
with DNR for 2 h before washing and further incubation for
72 h. PDMP pre-treatment modestly increased DNR cyto-
toxicity in DX5 and GARF cells (Table III). The IC50 of
DNR decreased from 18 and 90 to 12 and 56 μM in DX5 and
GARF cells, respectively. In this case, the residual fold
resistance decreased from 12 and 60 to 8 and 37.3. The
PDMP treatment did not increase the nuclear accumulation
of DNR in DX5 and GARF cells (Fig. 1B).

GCS inhibition sensitizes GARF cells to the modulatory effect
of PSC833. We then tested the effect of a combined treatment
with 20 μM PDMP and 2 μM PSC833 on the sensitivity to
DNR. Under these conditions, DNR cytotoxicity was signifi-
cantly increased in GARF cells (Table III ). The residual fold
resistance dropped from 60 to 2.73. PDMP pre-treatment
followed by the addition of PSC833, also increased the nuclear
accumulation of DNR in GARF cells (Fig. 1C). The nuclear
accumulation of DNR increased 4-fold and reached the level
found in drug-sensitive cells. It is important to note that in
the absence of PDMP, PSC833 was unable to increase the
nuclear accumulation of DNR in GARF cells (Fig. 1A). In
DX5 cells, PDMP pre-treatment followed by the addition of
PSC833, did not increase the nuclear accumulation of DNR
compared to the PSC833 treatment alone (Fig. 1A and C).
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Figure 1. Effect of PDMP pre-treatment with or without PSC833 on the
nuclear accumulation of DNR in MESSA, DX5 and GARF cells. Cells were
pre-treated (B and C) or not (A) with 20 μM PDMP for 24 h. Then, the cells
were washed and treated with 1 μM DNR for 2 h in the presence (A and C)
or absence (B) of 2 μM PSC833 prior to microspectrofluorometric analysis.
Data are expressed as the means ± SD of three experiments. *p<0.05,
**p<0.02.

Figure 2. (A) Effect of PSC833 on the cellular accumulation of [3H]VBL in
MESSA, DX5 and GARF cells. The cellular accumulation of VBL was
measured after 1-h treatment with 1 μM [3H]VBL in the presence or absence
of 2 μM PSC833. Data are the means of three experiments. (B) Cellular
accumulation of [3H]CSA in MESSA, DX5 and GARF cells. Cells were
treated with either 250 or 750 nM [3H]CSA for 1 h. Data are expressed as
the means ± SD of three experiments. *p<0.05, **p<0.02. Statistical signifi-
cance for [3H]CSA treatment at 750 nM is the same as that at 250 nM.
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Discussion

Multidrug resistance occurs when cancer cells resist chemo-
therapy by removing a broad range of lipophilic drugs. These
cells express high levels of the MDR transporters and in
particular, Pgp. Certain molecules such as cyclosporin A and
PSC833 have been described to potently inhibit Pgp (9,25).
In the present study, we show that Pgp is overexpressed in
MDR human sarcoma GARF cells that have been selected in
the presence of DOX and CSA. Moreover, in contrast to DX5
cells, GARF cells were not sensitized to DNR in the presence
of PSC833. In order to examine whether this property was
specific to anthracyclines, the effect of PSC833 on the cyto-
toxicity of VBL was tested. GARF cells were not sensitized
to VBL in the presence of PSC833 (data not shown).

We first hypothesized that in GARF cells, the affinity of
CSA to Pgp is lower than it is in DX5 cells due to a mutation
of the protein, as this has already been demonstrated in
another cellular model (26). The cellular accumulation of
[3H]CSA in GARF cells was similar to that in MESSA cells
and significantly higher to that in DX5 cells. However, (i) no
mutation in Pgp was observed, and (ii) protein glycosylation
was similar to that of wild-type Pgp (data not shown). It is
important to note that Pgp expression in GARF cells was
similar to that in DX5 cells.

We then tested another pathway, namely the involvement
of ceramide metabolism. As a matter of fact, the selection for
resistance to anti-cancer drugs elevates cellular glyco-
sphingolipid levels through GCS in addition to enhanced Pgp
expression (16). Conversely, the inhibition of GCS down-
regulates the expression of Pgp (17). In GARF cells, the
overexpression of Pgp was accompanied by an increased
LacCer level. Plo et al have shown that treatment with
PDMP results in increased rhodamine 123 retention and
potent chemosensitization of Pgp-expressing leukemic cells
(27). In the above study, PDMP increased ceramide levels
but reduced ganglioside levels. They also demonstrated that
gangliosides were able to modulate Pgp phosphorylation, and
they suggested that ganglioside depletion accounts for the

PDMP-mediated MDR reversal effect. In our study, the
inhibition of GCS by PDMP induced a decrease in the
LacCer level but did not significantly increase the nuclear
accumulation of DNR in DX5 and GARF cells. This suggests
that the relative sensitization of DX5 and GARF cells to
DNR by PDMP is possibly due to ceramide accumulation.
However, the combined treatment of GARF cells with PDMP
and PSC833 resulted in a significant reversion of resistance
to DNR. This was accompanied by a significant increase in
nuclear accumulation of DNR.

Over the years, distinct membrane structures known as
rafts containing LacCer have been described, which play an
important role in the function of many membrane proteins
and signal transduction (28,29). Hinrichs et al have shown
that Pgp is enriched in raft structures in selected drug-
resistant cells (30). As sphingolipid levels play a structural
role in microdomain organization (31) and in particular,
LacCer, which is able to increase the resistance of rafts to
detergents (32), a possible relationship between the LacCer
level and the modulation of Pgp can be speculated. However,
a direct cause-effect relationship between the two phenomena
needs to be demonstrated. Further investigation is required in
order to ascertain whether the affinity of Pgp for PSC833 can
be modulated by GCS inhibition.
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