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Background: Acquired resistance to cisplatin treatment is a caveat when treating patients with non-
small cell lung cancer (NSCLC) and malignant pleural mesothelioma (MPM). Ceramide increases in
response to chemotherapy, leading to proliferation arrest and apoptosis. However, a tumour stress

activation of glucosylceramide synthase (GCS) follows to eliminate ceramide by formation of glyco-
sphingolipids (GSLs) such as globotriaosylceramide (Gb3), the functional receptor of verotoxin-1.
Ceramide elimination enhances cell proliferation and apoptosis blockade, thus stimulating tumor
progression. GSLs transactivate multidrug resistance 1/P-glycoprotein (MDR1) and multidrug
resistance-associated protein 1 (MRP1) expression which further prevents ceramide accumulation
and stimulates drug efflux. We investigated the expression of Gb3, MDR1 and MRP1 in NSCLC and
MPM cells with acquired cisplatin resistance, and if GCS activity or MDR1 pump inhibitors would
reduce their expression and reverse cisplatin-resistance.
Methods: Cell surface expression of Gb3, MDR1 and MRP1 and intracellular expression of MDR1 and
MRP1 was analyzed by flow cytometry and confocal microscopy on P31 MPM and H1299 NSCLC cells
and subline cells with acquired cisplatin resistance. The effect of GCS inhibitor PPMP and MDR1 pump

inhibitor cyclosporin A for 72 h on expression and cisplatin cytotoxicity was tested.
Results: The cisplatin-resistant cells expressed increased cell surface Gb3. Cell surface Gb3 expression of
resistant cells was annihilated by PPMP whereas cyclosporin A decreased Gb3 and MDR1 expression in
H1299 cells. No decrease of MDR1 by PPMP was noted in using flow cytometry, whereas a decrease of
MDR1 in H1299 and H1299res was indicated with confocal microscopy. No certain co-localization of
Gb3 and MDR1 was noted. PPMP, but not cyclosporin A, potentiated cisplatin cytotoxicity in all cells.
Conclusions: Cell surface Gb3 expression is a likely tumour biomarker for acquired cisplatin resistance
lsevier Inc. This is an open access article under the CC BY-NC-ND license
/4.0/).

mide; GCS, Glucosylceramide synthase; GSL, Glycosphingolipid; MDR1, Multidrug resistance
esothelioma (MPM); MRP1, Multidrug resistance-associated protein 1; NSCLC, Non-small
-palmitoylamino-3-morpholino-1-propanol

se (A. Tyler).
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of NSCLC and MPM cells. Tumour cell resistance to MDR1 inhibitors of cell surface MDR1 and Gb3
could explain the aggressiveness of NSCLC and MPM. Therapy with GCS activity inhibitors or toxin
targeting of the Gb3 receptor may substantially reduce acquired cisplatin drug resistance of NSCLC and

MPM cells.
& 2015 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Non-small cell lung cancer (NSCLC) and malignant pleural
mesothelioma (MPM) are aggressive malignant tumors associated
with dismal patient survival. Chemotherapy with cisplatin is
frequently used for treatment of advanced stages, usually leading
to partial tumor responses or disease stabilization with a slight
increase in patient survival time. Cisplatin acts by forming
platinum-DNA adducts which hinders rapidly dividing cells from
duplicating their DNA for mitosis and activates apoptosis [1,2].
However, a main limitation to the clinical usefulness of cisplatin
treatment is the high incidence of acquired drug-resistance [3,4].
Circumventing cisplatin resistance is therefore of prime impor-
tance in these tumor diseases.
One major mechanism for cisplatin resistance is reduction of

intracellular platinum accumulation [5,6] by either reduced uptake
[7] or increased efflux by trans-membrane pumps such as multi-
drug resistance 1/P-glycoprotein (MDR1), which was the first
ATP-binding cassette (ABC) protein demonstrated to confer resis-
tance to cancer chemotherapeutics [8–10]. Overexpression of
MDR1 enhances DNA damage repair and reduces apoptosis induc-
tion [11,12]. Other transporter proteins such as multidrug
resistance-associated protein 1 (MRP1) and breast cancer resis-
tance protein (BCRP) have in addition been described to confer
cisplatin resistance. MRP1 also belongs to the ABC transporter
super-family and readily extrude glutathione-S-cisplatin conju-
gates from the cells and is associated with cisplatin resistance [13].
The glycosphingolipids (GSLs) are a subtype of glycolipids that

are synthesized by glycation of ceramide. Ceramide increases in
response to chemotherapy, leading to proliferation arrest and
apoptosis. However, a tumour cell reaction follows to eliminate
ceramide by glucosylceramide synthase (GCS) conversion of
ceramide to glucosylceramide and formation of GSLs. Persistent
GCS activity leads to ceramide reduction and stimulated cell
proliferation and blocked apoptosis, thus stimulating tumor
progression [14].
Lactosylceramide, Galβ1,4Glcβ1Cer (LacCer), is the common

synthetic precursor to the majority of GSL found in vertebrates.
Gb3 synthase acts on LacCer to produce globotriaosylceramide
(Gb3) [15]. Glucosylceramide is required to maintain Gb3 in
plasma membrane lipid rafts [16]. Gb3 is expressed in several
human malignancies such as lymphoma [17], in various solid
tumors including breast cancer [18] and testicular carcinoma [19]
but not in non-malignant tissue except in the vasculature of some
tissues. Gb3 expression in colorectal cancer correlates with
invasiveness and metastatic potential [20]. Elevated levels of
Gb3 have also been seen in drug-resistant cancers and cell lines.
The MDR1 drug pump is Golgi-associated and is a prerequisite for
neutral GSL biosynthesis [21] as it provides glycosylceramide as a
substrate for luminal glycosyl transferases including GCS [22].
A functional dependency between Gb3 and MDR1 in plasma
membrane lipid rafts has been suggested [23–25] possibly
through the GCS-upregulated MDR1 expression [26]. Cell surface
MDR1 has been found to partially co-localize with Gb3 in MDR1-
transfected canine kidney cells [21].

The relationship between acquired cisplatin resistance and the
expression of MDR1 and MRP1-proteins in relation to Gb3
expression or inhibition of GCS activity has not been examined
in NSCLC/MPM. Our previous studies suggested an interrelation-
ship between cell multidrug-resistance and plasma membrane
Gb3 expression in cultured NSCLC and MPM cells with or without
acquired cisplatin resistance. The studies also suggested that
cisplatin preferentially eradicates MPM cells with low Gb3
expression. The GCS activity inhibitor DL-threo-1-phenyl-2-pal-
mitoylamino-3-morpholino-1-propanol (PPMP), or a subtoxic
concentration of the Gb3-receptor binding bacterial toxin
verotoxin-1, resensitized Gb3-overexpressing cisplatin-resistant
NSCLC and MPM subline cells to cisplatin [27].

We hypothesized that Gb3, MDR1 and possibly MRP1 would be
co-expressed and co-localized in MPM and NSCLC, and that GCS
activity inhibition would confer inhibition not only of Gb3, but
also of the expression of MDR1 and/or MRP1 proteins and re-
sensitize resistant tumour cells to cisplatin cytotoxicity. To test
this hypothesis, we used flow cytometry and confocal microscopy
to analyze cell-surface as well as intracellular expression of Gb3,
MDR1 and MRP1 and to study if inhibitors of GCS or MDR1
activity would affect their expression in cultured NSCLC and MPM
cells with or without acquired cisplatin resistance and re-sensitize
the resistant cells to cisplatin.
2. Materials and methods

2.1. Cell lines and cell culture

Two human cell lines were used: the MPM cell line P31 [28], and
the NSCLC cell line H1299 (American Type Culture Collection,
CRL-5803, (Manassas, VA, USA) and their corresponding
cell sublines with acquired-cisplatin resistance (P31res and
H1299res). The cisplatin-resistant cell sublines were created by
culturing the parental cells in medium with gradually increasing
concentrations of cisplatin; the LD50 concentration after 72 h
incubation with cisplatin needed for the acquired cisplatin-
resistant sublines was approx. 4 times as high as for the parental
cell line. The cells were maintained under standard cell culture
conditions, grown as monolayer culture in Eagle's MEM in Earl's
salt (Gibco Ltd, Paisley, Scotland, UK) supplemented by 10% fetal
bovine serum (Biochrom KG, Berlin, Germany) and 200 mmol/L
L-glutamine. They were maintained at 37 1C in a humidified
atmosphere containing 5% CO2. The maintenance concentration
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of cisplatin was 1.2 mg/L for the P31res and 2.0 mg/L for the
H1299res cell sublines.

DL-threo-1-phenyl-2-palmitoylamino-3-morpholino-1-propa-
nol (PPMP) (Sigma-Aldrich, St Louis, MO, USA), a chemical
inhibitor of glucosylceramide synthase activity, and cyclosporin
A (Sigma-Aldrich), an inhibitor of MDR1 pump activity, were used
to deplete Gb3 expression by culturing cells with 2 mmol/L PPMP
or 10 mmol/L cyclosporin A for 72 h, respectively.

2.2. Flow cytometry analysis

P31, P31 res, H1299 and H1299res cells were trypsinized, suspended
in PBS and washed with PBS twice. Fixed and permeabilised cells for
total, mainly intracellular, expression, and un-fixed and non-
permeabilised cells for cell surface expression were obtained by
incubating with or without 2% formaldehyde for 1 h in room
temperature, followed by one wash with 2% BSA in PBS, with or
without permeabilisation in 0.5% Triton X-100 and 0.1% sodium citrate
at 4 1C for 10min, and finally washed twice with PBS-BSA. Cells were
then stained with rat anti-Gb3 IgM 1:20 (Beckman Coulter Inc., Brea,
CA, USA), mouse anti-MDR1 IgG2A 1:50 (Chemicon Internat., Teme-
cula, MA, USA) or mouse anti-MRP1 IgG2A 1:40 (R&D Systems Inc.,
Minneapolis, MN, USA) primary antibodies. To distinguish from non-
specific binding, cells were stained with corresponding rat IgM and
mouse IgG2A isotype antibodies (Invitrogen, Carlsbad, CA, USA).
Subsequently, cell pellets were re-suspended and incubated with
Alexa Fluor 488 or 647 –labeled goat anti-rat IgM (1:50, Invitrogen)
and goat anti-mouse IgG2A (Invitrogen) secondary antibodies (1:100)
for 1 h at 4 1C. After washing the cells and centrifuging for 10min,
cells were analyzed with a FACScan flow cytometer (Becton Dickinson
Immunotech Systems, San Jose, CA, USA) on channels FL4 or FL1 and
data was processed using the BD CellQuests software (Becton
Dickinson). After gating out debris and cell aggregates, the data was
dot plotted. The analysis for MDR1 and MRP1 was made separately,
which is why there are more data on Gb3 than MDR1 and MRP1.

2.3. Confocal microscopy analysis of expression and
inhibition of Gb3, MDR1 and MRP1

The four cell line/subline cells were grown on glass cover-slips for a
total of three days, the total number of cells added to each slide were
20,000 for P31, 60,000 for P31res, 10,000 for H1299 and 120,000 for
H1299res. The seeding density for cells growing with cyclosporin A
and PPMP were doubled to achieve similar confluence. Incubation
with isotype or primary antibodies (Gb3, MDR1, MRP1 – see flow
cytometry) at room temperature for 1 h was followed by incubation
with Alexa Fluors -labeled secondary antibodies (see flow cytome-
try) for another hour at room temperature. Photobleaching was
prevented by using ProLongs Gold Anti-fade DAPI (Invitrogen,
Carlsbad, CA, USA) containing 40, 6-diamidino-2-phenylindole (DAPI)
for nuclear staining. Images were acquired using ZEN 2010 imaging
software on a LSM 710 confocal microscope (Carl Zeiss Microscopy
GmbH, Jena, Germany).

Quantitation of the fluorescence intensity of the confocal
microscope images was performed using the Imaris software
(Bitplane, Switzerland). This method allows for determination of
fluorescence intensity in small well-defined volumes (VOI) in
single cells, permitting the comparison of different cells for the
same proteins. VOI represents the number of voxels in the x, y-
and z-dimension, where size and resolution depends on the
magnification, the numerical aperture of the objective lens and
the number of layers defined at the time of confocal data
acquisition. The fluorescence threshold was set against the
fluorescence of isotype antibodies so that only cells with elevated
protein expression were quantified.
2.4. Cell viability assay

A fluorometric method utilizing fluorescein diacetate, FDA,
(Amersham International, Amersham, UK) was used to quantify
viable cells and determine cisplatin (Bristol-Myers Squibb, New
York, NY, USA) sensitivity of all H1299 and P31 cell line/subline
cells in combination with PPMP or cyclosporin A in vitro. Cells (3–
10�103) were plated with 100 mL medium in the wells of 96-well
microtiter plates. The plates were first incubated at 37 1C for 24 h
with culture medium only, then medium was replaced with fresh
medium, containing LD50 concentrations of cisplatin and/or
2 mmol/L PPMP or 10 mmol/L cyclosporin A for 72 h. Medium
was removed by flicking the plate and wells were washed once
with 200 mL PBS buffer. To each well 100 mL of PBS containing
10 mg/L FDA was added, and the plates incubated for 45 min at
37 1C, followed by fluorescence determination in a fluorometer
(LS 55, Perkin Elmer, MA, USA) using 485 and 538 nm for
excitation and emission, respectively. The combined cytotoxicity
of two drugs incubated simultaneous was compared against a
combination index calculated for an expected additive cytotoxic
effect of the drugs per se.
3. Statistics

SPSS 22.0 was used for statistical analysis. Mann–Whitney U-test was
performed. The level of significance to reject the null hypothesis was
po0.05. All results are presented as mean72 S.E.M.
4. Results

4.1. Flow cytometry analysis of MDR1 and MRP1
expression

4.1.1. Flow cytometry on fixed and permeabilised cells
The distribution of individual cell total (mostly intracellular)
expression of MDR1 and MRP1 was evaluated by FACS analysis
on fixed and permeabilised cells. All parental as well as subline
cells demonstrated a high expression of MDR1 protein, whereas
MRP1 was expressed to a less extent by a high proportion of P31
parental (99%) and subline (79%) cells but less by H1299 parental
(62%) and subline (72%) cells (Table 1).
MRP1 levels were 2.7 to 5.3 times that of the isotype control

and with no apparent mean fluorescence differences between
parental and cisplatin-resistant sublines (Table 1). MDR1 protein
was however expressed to a much higher extent in all cell lines
with fluorescent means 44.0–79.3 times that of the isotype
control, again with no differences between parental and resistant
cells (Table 1).
Incubation of the cells with 2 μmol/L PPMP or 10 μmol/L

cyclosporin A for 72 did not significantly affect MDR1 and MRP1
fluorescence of any of the tested cells/subline cells (data not
shown).
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4.1.2. Flow cytometry on non-permeabilised cells
Cell surface expression of Gb3 in relation to MDR1 and MRP1
protein expression was evaluated by FACS analysis on non-fixed
and non-permeabilised cells. Only a small number of cells
expressed cell surface MRP1 protein expression (results not
shown) and further studies of this protein was discontinued.
Gb3 was detected in 25% of the cisplatin-resistant p31res cells and
19% of the cisplatin-resistant H1299res cells (Fig. 1), MDR1 was
detected in 1% and 2% of the cells in resistant sublines (Fig. 2),
respectively. Flow cytometry scattergrams showed a correlated
co-expression of MDR1 and Gb3 only in a small streak of cells in
the upper right flow cytometry quadrant of the resistant cell
sublines (Fig. 1) and at least partly due to unspecific binding as
the isotype control demonstrated a similar expression pattern.

Incubation of resistant subline cells with 2 μmol/L PPMP for
72 h before FACS analysis reduced the subfraction of cells with
increased Gb3 cell surface expression to 3–8% of all cells whereas
MDR1 expression was largely unaffected (Fig. 1) Incubation with
10 μmol/L cyclosporin A did not affect Gb3 or MDR1 expression in
these cells (Fig. 1).
4.1.3. Confocal microscopy analysis of Gb3, MDR1 and MRP1
expression
Laser-scanning confocal microscopy was then used for visualiza-
tion of the distribution and possible co-localization as well as
software quantification of Gb3, MDR1 and MRP1 cell surface
overexpression as cells below the isotype antibody limits was
gated away. No expression of MRP1 was noted. There was no sign
of co-localization of Gb3 and MDR1.

Using the Imaris software to objectively quantify the mean
fluorescence intensity of confocal microscopy images of cells with
cell surface Gb3 and MDR1 expression with and without PPMP
and cyclosporin A demonstrated that P31 cells on acquisition of
cisplatin resistance on average expressed extensively more
(po0.001) Gb3 and MDR1 (po0.01) (Fig. 3). The Gb3 expression
of H1299 cells on acquisition of resistance was not affected (p¼N.
S.), whereas MDR1 was markedly increased (po0.001).

Incubation with 10 mmol/L cyclosporin A decreased (po0.01)
MDR1 and Gb3 cell surface mean fluorescence in H1299 parental
cells but did not affect the expression in the other cell lines (Fig. 3).

Incubation with 2 mmol/L PPMP almost eradicated cell surface
Gb3 expression in all cell lines except possibly in P31 parental
cells with already very low Gb3 expression, whereas MDR1
expression was decreased in H1299 (po0.05) and P31res cells
(po0.05) (Fig. 3).
4.1.4. Effect of PPMP and cyclosporin A exposure on cisplatin
cytotoxicity
Exposure of all NSCLC and MPM cells (not only the fraction with
increased Gb3 expression) to LD50 concentrations of cisplatin for
72 h demonstrated cytotoxicity to the parental cells and cisplatin-
resistant cell sublines (Fig. 4). The cytotoxicity of 2 mmol/L PPMP
per se reduced cell viability to approx. 80% with the exception of
P31 cells where it was approx. 60% and 10 mmol/L cyclosporin A
per se reduced the viability to 30–60%. The effect of PPMP on
cisplatin cytotoxicity using LD50 concentrations was more than
additive on all parental and sublines cells but not H1299res
subline cells where an approx. additive effect was noted. The
effect of cyclosporin A was additive on all parental and subline
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Fig. 1 – Flow cytometry detection of cell surface Gb3 (globotriaosylceramide) and MDR1 (multidrug resistance 1) in cisplatin-
resistant subline (malignant pleural mesothelioma P31res, non-small cell lung cancer H1299res) cells incubated without (control)
or with 10 μmol/L cyclosporin A or 2 μmol/L PPMP for 72 h. Dot plots of fluorescence intensity (x-axis) of FITC-labeled Gb3
antibody plotted against the fluorescence intensity (y-axis) of labeled antibodies to MDR1. Representative results from 3
experiments. Mean proportion71 SD of all positive quadrants is and mean fluorescence (M. Fl.) of Gb3 and MDR1 is included in the
fig. n¼3.
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cells but not P31 parental cells where cytotoxicity was found to be
more than additive (Fig. 4).
5. Discussion

Cell surface Gb3 expression was induced in MPM and NSCLC cell
lines with acquired cisplatin resistance. The glycosphingolipid
synthesis inhibitor PPMP radically decreased the induced cell
surface Gb3 but not MDR1 protein expression and also augmen-
ted cisplatin cytotoxicity of the resistant MPM cell subline. The
results indicate that expression of cell surface Gb3 is a biomarker
of acquired cisplatin resistance in MPM and NSCLC. Perhaps cell
surface Gb3 reflects the functional resistance to cisplatin better
than cell surface expression of MDR1. Therapy with GCS inhibitors
reducing ceramide glycosylation or with Gb3 receptor-binding
verotoxin-1 may overcome or reduce acquired cisplatin drug
resistance in NSCLC and MPM [27].
Lung cancer is the first and second leading cause of cancer-
related death in men and women, respectively [30,31]. The most
common type is non-small cell lung cancer (NSCLC), which
accounts for over 75% of all cases [32]. Malignant pleural
mesothelioma (MPM) is a high mortality malignancy with poor
prognosis partially because of treatment resistance [33]. Treat-
ment options often include platinum-based drugs such as cispla-
tin (cis-diamminedichloroplatinum (II), which is extensively used.
However, the occurrence of inherent resistance and especially,
treatment-induced acquired resistance to cisplatin is a major
clinical problem that undermines the curative potential of the
drug [34].
A well characterized form of drug resistance is due to over-

expression of drug efflux pumps, especially MDR1 of the ABC
(ATP-binding cassette) transporter super-family, capable of efflux
of many different chemotherapeutic agents, leading to decreased
drug accumulation [6,21]. The importance of ATP-casette protein
efflux in cisplatin resistance [35] has however been questioned
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Fig. 2 – Confocal microscopy of extracellular Gb3 (globotriaosylceramide) and MDR1 (multidrug resistance 1) Gb3 (green) and
MDR1 protein (red) expression of malignant pleural mesothelioma cell line P31, non-small cell lung cancer cell line H1299 and
their correspondent resistant sub-lines P31res, and H1299res incubated without or with 2 μmol/L PPMP for 72 h. The nucleus
(blue) was stained with DAPI. Objective lens (63� ) magnification. Representative results are shown (n¼9).
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[7] as specific MDR1 transport inhibitors were unable to restore
cisplatin accumulation and sensitivity [36].
Ceramide and glycosphingolipids (GSL) are important mole-

cules as they affect cell functions such as apoptosis, proliferation,
endocytosis, transport and migration, and thereby regulate tumor
genesis, cancer progression, and cancer treatment efficiency [37].
Glucosylceramide synthase (GCS) is a key enzyme for ceramide
glycosylation and GSL synthesis. Following cell stress, such as
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Fig. 3 – Quantification of cell surface (A) Gb3 (globotriaosylceramide) and (B) MDR1 (multidrug resistance 1) expression in parental
cell lines non-small cell lung cancer cell line H1299 and the malignant pleural mesothelioma cell line P31 as well as their cisplatin-
resistant sublines H1299res and P31res. Quantitation of the fluorescence intensity (voxels) of the confocal microscope images
using the Imaris software (Bitplane, Switzerland). The fluorescence threshold was set against the fluorescence of isotype
antibodies so that only cells with elevated protein expression were quantified. Mean expression72 S.E.M. from 9 images (taken
from three different experiments, total number of cells was at least 300). Mann–Whitney U-test was used to compare expression
between groups.
nnnpo0.001, nnpo0.01, npo0.05 compared to control.

Fig. 4 – Cell viability assays of exposed cells to LD50 cisplatin, with or without PPMP and cyclosporin A alone or in combination.
Cell viability (fluorescence of FMCA assays – control cells set to 100%) after exposure of malignant pleural mesothelioma cell line
P31 and non-small cell lung cancer cell line H1299 NSCLC cell lines and their cell sublines with acquired cisplatin resistance
(P31res, H1299res) incubated with LD50 cisplatin (1 mg/L for P31 and H1299 cells, 5 mg/L for P31res and H1299res cells without or
with 2 lmol/L PPMP or 10 lmol/L cyclosporin A alone or in combination for 72 h. Arrows on/above histogram bars of drug
combinations denote the expected result of an additive cytotoxic effect when calculating on the effect of the drugs alone. Mean
viability72 S.E.M. (n¼6). Mann–Whitney U-test was used to compare viability between groups.
***po0.001 (compared to control), ¤¤¤ po0.001 (compared to cisplatin and cyclosporin A/PPMP.
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chemotherapy, tumor cells persistently up-regulate GCS to
deplete (drug-induced) ceramide pools, which would otherwise
prove cytotoxic, via conversion to a more benign GSL format such
as Gb3 [38]. Excessive GCS expression has been detected as a
cause of drug resistance in a multitude of cancer cell lines [39].
Silencing GCS expression or inhibition of GCS activity sensitized
these resistant cells to more than 20 anticancer agents of diverse
types including cisplatin. Introduction of the GCS gene into drug-
sensitive cells confers cellular resistance to several drugs, in most,
but not to all tested cell lines, indicating that drug resistance to
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some extent is cell-type or cancer-dependent [39]. However, this
mechanism has hitherto not been tested in MPM or lung cancer.
MDR1 has been proposed as a specific glucosylceramide transpor-

ter for the molecule across the Golgi to deliver it for the synthesis of
GSLs [22]. Tumour chemotherapy increases cell stress and generates
ceramide which drives cells to proliferation arrest and apoptosis but
in addition also transactivates GCS expression via the Sp1 transcrip-
tion factor leading to globo-series GSLs (e.g. globotriaosylceramide
Gb3) increase which in turn activates cSrc kinases, and thereby
increases nuclear β-catenin and transactivates MDR1 gene expression.
In MDR1-MDCK cells, cell surface MDR1 co-localized with globo-
triaosylceramide (Gb3) and a soluble analog of Gb3 proved to be an
MDR1 inhibitor [23]. Ceramide as well as the GSLs therefore up-
regulate GCS and MDR1 expressions in response to anticancer drugs,
and confer acquired tumour cell resistance by preventing ceramide-
induced apoptosis and possibly MDR1-mediated drug efflux [14,26].
Inhibitors of GCS may therefore be useful in preventing chemotherapy
resistance [22,23].
We have previously demonstrated that Gb3 expression was

significantly increased on the cell surface of MPM and NSCLC cell
sublines with acquired cisplatin resistance [26]. In the present
study, cell surface Gb3 expression was increased in a large fraction
of the resistant subline cells and MDR1 was co-expressed in only a
minute fraction of cells noted by flow cytometry whereas MRP1
cell surface expression was not detected. PPMP, almost eradicated
the induced cell surface Gb3-expression in resistant subline cells
whereas cell surface MDR1 expression was reduced only in H1299
cells. It is noteworthy that silencing of Gb3 with PPMP augmented
the sensitivity to cisplatin in cisplatin-resistant MPM subline cells
possibly back to the cisplatin sensitivity of the parental cells as we
previously demonstrated [27]. MDR1 expression was only
decreased by cyclosporin in H1299. This was also the only cell
line where a decreased Gb3 expression was noted following
cyclosporin incubation, indicating that MDR1 might have a role
in the extracellular expression of Gb3 in these cells.
The bacterial toxin verotoxin-1 exerts its cytotoxicity by target-

ing cell surface Gb3, which is the functional receptor of verotoxin-
1 [40]. Combination of cisplatin and subtoxic concentrations of
verotoxin-1 led to a super-additive increase of cytotoxicity and
TUNEL staining, especially in the cisplatin-resistant cell sublines
[27]. Verotoxin-1-Gb3 binding results in internalization, retro-
grade transport via endosomes, TGN, and Golgi to the ER [40,41].
Here the proteolytically cleaved A1 subunit is translocated to the
cytosol to inactivate protein synthesis by depurination of the 28S
RNA of the 60S ribosomal subunit [42]. Cellular glucosylceramide
is required to maintain Gb3 in verotoxin-1-detectable plasma
membrane lipid rafts [16], and is also required for ER retrograde
transport of verotoxin-1. Cells without lipid raft expression of Gb3
are thus insensitive to VT-1 [16].
Cell surface Gb3 but less likely MDR1, but not MRP1 up-

regulation seems to be required for drug resistance to cisplatin
in MPM and NSCLC cells. This means that cell surface Gb3 could
be an important resistance determinant and that the correlation
to MDR1 is of less importance to acquired cisplatin resistance in
MPM and NSCLC. This may however vary with the tumour type or
cell line studied, as several reports suggest that cells which
overexpress MDR1 have higher levels of specific glycosphingoli-
pids compared to their parental sensitive cells [25,43–46]. Inhibi-
tion of GSL biosynthesis results in the loss of drug resistance and
decreased expression of MDR1 [21,47]. In addition, newly
synthesized Gb3 seems important for verotoxin toxicity which
might indicate that Gb3 expressed as a consequence of acquired
cisplatin resistance might be more important for conveying
cytotoxicity than intrinsically expressed Gb3 [48].

MDR1-mediated glucosylceramide flipping within the Golgi is a
primary mechanism by which glucosylceramide is provided as a
substrate for the various luminal glucosyl transferases involved in
neutral GSL biosynthesis [22]. In addition to the interaction of
MDR1 with glucosylceramide, cell surface MDR1 was found to be
partially co-localized with Gb3 in MDR1 transfected cells [21].
Inhibition of GSL biosynthesis resulted in the loss of drug
resistance and of cell surface MDR1. In MDR1-MDCK cells, cell
surface MDR1 co-localized with globotriaosyl ceramide (Gb3), and
a soluble analog of Gb3 proved an MDR1 inhibitor [23]. MDR1 and
GCS have been shown to be coincidently overexpressed in several
drug-resistant cell lines [14,49]. Localization of MDR1/PgP in
intracellular membranes has also been reported [50–52]. Its
expression on the nuclear membrane has been associated with
extrusion of drugs from the nucleus of multidrugresistant cells
[52,53]. There was no sign of colocalization in any cell line. This
indicates that co-localization of Gb3 with MDR1 was without
significance for cisplatin resistance development or for the re-
sensitation of the resistant NSCLC or MPM cell sublines to
cisplatin with PPMP.
6. Conclusions

Taken together, these results demonstrate that GCS as reflected by
ensuing Gb3 expression might have a regulatory role in acquired
cisplatin drug resistance in NSCLC and MPM cells. Inhibition of
GCS or direct verotoxin-1 targeting of over-expressed cell surface
Gb3 could be efficient approach to reverse acquired cisplatin
resistance of non-small cell lung cancer and malignant pleural
mesothelioma.
Competing interests

The authors declare that they have no competing interests.
Authors contributions

The work presented was carried out in collaboration between all
authors. KG, AJ, AT and PBM defined the theme, designed methods
and experiments. AT and PBM carried out the flow cytometry,
confocal microscopy and cytotoxicity tests. TK and SKG aided AT
and PBM to confocal microscopy and KG, AJ, PBM and TB
interpreted the data. All authors read and approved the final
manuscript.
Acknowledgments

The study was supported by grants from the Swedish Cancer
Society (CAN 2011/599), Cancer Research Foundation (LP 13-1980)
in Northern Sweden and the Medical Faculty, Umeå University,
Umeå, Sweden.



E X P E R I M E N T A L C E L L R E S E A R C H 3 3 6 ( 2 0 1 5 ) 2 3 – 3 2 31
r e f e r e n c e s

[1] L.A. Zwelling, K.W. Kohn, Mechanism of action of cis-dichlor-
odiammineplatinum(II), Cancer Treat. Rep. 63 (1979) 1439–1444.

[2] Z.H. Siddik, Cisplatin: mode of cytotoxic action and molecular
basis of resistance, Oncogene 22 (2003) 7265–7279.

[3] P.A. Andrews, S.B. Howell, Cellular pharmacology of cisplatin:
perspectives on mechanisms of acquired resistance, Cancer Cells
2 (1990) 35–43.

[4] S. Kasibhatla, B. Tseng, Why target apoptosis in cancer treat-
ment?, Mol. Cancer Ther. 2 (2003) 573–580.

[5] V. Ling, Multidrug resistance: molecular mechanisms and clinical
relevance, Cancer Chemother. Pharmacol. 40 (Suppl.) (1997) S3–
S8.

[6] W. Zhang, V. Ling, Cell-cycle-dependent turnover of P-
glycoprotein in multidrug-resistant cells, J. Cell Physiol. 184
(2000) 17–26.

[7] L. Galluzzi, L. Senovilla, I. Vitale, J. Michels, I. Martins, O. Kepp, M.
Castedo, G. Kroemer, Molecular mechanisms of cisplatin resis-
tance, Oncogene 31 (2012) 1869–1883.

[8] R.L. Juliano, V. Ling, A surface glycoprotein modulating drug
permeability in Chinese hamster ovary cell mutants, Biochim.
Biophys. Acta 455 (1976) 152–162.

[9] M.M. Gottesman, I. Pastan, S.V. Ambudkar, P-glycoprotein and
multidrug resistance, Curr. Opin. Genet. Dev. 6 (1996) 610–617.

[10] I. Aksentijevich, C.O. Cardarelli, I. Pastan, M.M. Gottesman,
Retroviral transfer of the human MDR1 gene confers resistance to
bisantrene-specific hematotoxicity, Clin. Cancer Res. 2 (1996)
973–980.

[11] M. Ohmichi, J. Hayakawa, K. Tasaka, H. Kurachi, Y. Murata,
Mechanisms of platinum drug resistance, Trends Pharmacol. Sci.
26 (2005) 113–116.

[12] Y.Y. Liu, T.Y. Han, A.E. Giuliano, M.C. Cabot, Ceramide glycosyla-
tion potentiates cellular multidrug resistance, FASEB J. 15 (2001)
719–730.

[13] T. Ishikawa, The ATP-dependent glutathione S-conjugate export
pump, Trends Biochem. Sci. 17 (1992) 463–468.

[14] Y.Y. Liu, J.Y. Yu, D. Yin, G.A. Patwardhan, V. Gupta, Y. Hirabayashi,
W.M. Holleran, A.E. Giuliano, S.M. Jazwinski, V. Gouaze-
Andersson, D.P. Consoli, M.C. Cabot, A role for ceramide in driving
cancer cell resistance to doxorubicin, FASEB J. 22 (2008) 2541–
2551.

[15] J.J. Keusch, S.M. Manzella, K.A. Nyame, R.D. Cummings, J.U.
Baemziger, Cloning of Gb3 synthase, the key enzyme in globo-
series glycosphingolipid synthesis, predicts a family of alpha 1, 4-
glycosyltransferases conserved in plants, insects, and mammals,
J. Biol. Chem. 18 (2000) 25315–25321.

[16] D.C. Smith, D.J. Sillence, T. Falguieres, R.M. Jarvis, L. Johannes,
J.M. Lord, F.M. Platt, L.M. Roberts, The association of Shiga-like
toxin with detergent-resistant membranes is modulated by
glucosylceramide and is an essential requirement in the endo-
plasmic reticulum for a cytotoxic effect, Mol. Biol. Cell 17 (2006)
1375–1387.

[17] E.C. LaCasse, M.R. Bray, B. Patterson, W.M. Lim, S. Perampalam,
L.G. Radvanyi, A. Keating, A.K. Stewart, R. Buckstein, J.S. Sandhu,
N. Miller, D. Banerjee, D. Singh, A.R. Belch, L.M. Pilarski, J.
Gariépy, Shiga-like toxin-1 receptor on human breast cancer,
lymphoma, and myeloma and absence from CD34(þ) hemato-
poietic stem cells: implications for ex vivo tumor purging and
autologous stem cell transplantation, Blood 94 (1999) 2901–
2910.

[18] D. Johansson, E. Kosovac, J. Moharer, I. Ljuslinder, T. Brännström,
A. Johansson, P. Behnam-Motlagh, Expression of verotoxin-1
receptor Gb3 in breast cancer tissue and verotoxin-1 signal
transduction to apoptosis, BMC Cancer 9 (2009) 67.
[19] J.L. Kang, E. Rajpert-De Meyts, J. Wiels, N.E. Skakkebaek,
Expression of the glycolipid globotriaosylceramide (Gb3) in
testicular carcinoma in situ, Virchows Arch. 426 (1995) 369–374.

[20] O. Kovbasnjuk, R. Mourtazina, B. Baibakov, T. Wang, C. Elowsky,
M.A. Choti, A. Kane, M. Donowitz, The glycosphingolipid globo-
triaosylceramide in the metastatic transformation of colon
cancer, Proc. Natl. Acad. Sci. USA 102 (2005) 19087–19092.

[21] P. Lala, S. Ito, C.A. Lingwood, Retroviral transfection of Madin-
Darby canine kidney cells with human MDR1 results in a major
increase in globotriaosylceramide and 10(5)- to 10(6)-fold
increased cell sensitivity to verocytotoxin. Role of p-glycoprotein
in glycolipid synthesis, J. Biol. Chem. 275 (2000) 6246–6251.

[22] M.F. De Rosa, D. Sillence, C. Ackerley, C. Lingwood, Role of
multiple drug resistance protein 1 in neutral but not acidic
glycosphingolipid biosynthesis, J. Biol. Chem. 279 (2004) 7867–
7876.

[23] M.F. De Rosa, C. Ackerley, B. Wang, S. Ito, D.M. Clarke, C.
Lingwood, Inhibition of multidrug resistance by adamantylgb3, a
globotriaosylceramide analog, J. Biol. Chem. 283 (2008) 4501–
4511.

[24] M. Mattocks, M. Bagovich, M. De Rosa, S. Bond, B. Binnington,
V.I. Rasaiah, J. Medin, C. Lingwood, Treatment of neutral glyco-
sphingolipid lysosomal storage diseases via inhibition of the ABC
drug transporter, MDR1. Cyclosporin A can lower serum and liver
globotriaosyl ceramide levels in the Fabry mouse model, FEBS
J. 273 (2006) 2064–2075.

[25] Y. Lavie, M. Liscovitch, Changes in lipid and protein constituents
of rafts and caveolae in multidrug resistant cancer cells and their
functional consequences, Glycoconj. J. 17 (2000) 253–259.

[26] Y.Y. Liu, V. Gupta, G.A. Patwardhan, K. Bhinge, Y. Zhao, J. Bao,
H. Mehendale, M.C. Cabot, Y.T. Li, S.M. Jazwinski, Glucosylcer-
amide synthase upregulates MDR1 expression in the regulation
of cancer drug resistance through cSrc and beta-catenin signal-
ing, Mol. Cancer 9 (2010) 145.

[27] D. Johansson, C. Andersson, J. Moharer, A. Johansson, P. Behnam-
Motlagh, Cisplatin-induced expression of Gb3 enables verotoxin-
1 treatment of cisplatin resistance in malignant pleural
mesothelioma cells, Br. J. Cancer 102 (2010) 383–391.

[28] S.L. Marklund, N.G. Westman, E. Lundgren, G. Roos, Copper- and
zinc-containing superoxide dismutase, manganese-containing
superoxide dismutase, catalase, and glutathione peroxidase in
normal and neoplastic human cell lines and normal human
tissues, Cancer Res. 42 (1982) 1955–1961.

[30] D.M. Parkin, Global cancer statistics in the year 2000, Lancet
Oncol. 2 (2001) 533–543.

[31] A. Jemal, T. Murray, A. Samuels, A. Ghafoor, E. Ward, M.J. Thun,
Cancer statistics, 2003, CA Cancer J. Clin. 53 (2003) 5–26.

[32] J. Brognard, A.S. Clark, Y. Ni, P.A. Dennis, Akt/protein kinase B is
constitutively active in non-small cell lung cancer cells and
promotes cellular survival and resistance to chemotherapy and
radiation, Cancer Res. 61 (2001) 3986–3997.

[33] L.E. Leard, V.C. Broaddus, Mesothelial cell proliferation and
apoptosis, Respirology 9 (2004) 292–299.

[34] M.M. Gottesman, Mechanisms of cancer drug resistance, Annu.
Rev. Med. 53 (2002) 615–627.

[35] S.-F. Zhou, Structure, function and regulation of P-glycoprotein
and its clinical relevance in drug disposition, Xenobiotica 38
(2008) 802–832.

[36] J. Jin, F.P. Wang, H. Wei, G. Liu, Reversal of multidrug resistance of
cancer through inhibition of P-glycoprotein by 5-
bromotetrandrine, Cancer Chemother. Pharmacol. 55 (2005)
179–188.

[37] G.A. Patwardhan, Y.Y. Liu, Sphingolipids and expression regula-
tion of genes in cancer, Prog. Lipid Res. 50 (2011) 104–114.

[38] V. Gouaze-Andersson, M.C. Cabot, Glycosphingolipids and drug
resistance, Biochim. Biophys. Acta 1758 (2006) 2096–2103.



E X P E R I M E N T A L C E L L R E S E A R C H 3 3 6 ( 2 0 1 5 ) 2 3 – 3 232
[39] Y.Y. Liu, R.A. Hill, Y.T. Li, Ceramide glycosylation catalyzed by
glucosylceramide synthase and cancer drug resistance, Adv.
Cancer Res. 117 (2013) 59–89.

[40] N. Engedal, T. Skotland, M.L. Torgersen, K. Sandvig, Shiga toxin
and its use in targeted cancer therapy and imaging, Microb.
Biotechnol. 4 (2011) 32–46.

[41] T. Falguières, F. Mallard, C. Baron, D. Hanau, C. Lingwood, B. Goud,
J. Salamero, L. Johannes, Targeting of Shiga toxin B-subunit to
retrograde transport route in association with detergent-
resistant membranes, Mol. Biol. Cell 12 (2001) 2453–2468.

[42] S.K. Saxena, A.D. O`Brien, E.J. Ackerman, Shiga toxin, Shiga-like
toxin II variant, and ricin are all single-site RNA N-glycosidase of
28S RNA when microinjected into Xenopus oocytes, J. Biol. Chem.
264 (1989) 596–601.

[43] A. Lucci, W.I. Cho, T.Y. Han, A.E. Giuliano, D.L. Morton, M.C. Cabot,
Glucosylceramide: a marker for multiple-drug resistant cancers,
Anticancer Res. 18 (1998) 475–480.

[44] J.W. Kok, R.J. Veldman, K. Klappe, H. Koning, C.M. Filipeanu,
M. Müller, Differential expression of sphingolipids in MRP1
overexpressing HT29 cells, Int. J. Cancer 87 (2000) 172–178.

[45] H. Morjani, N. Aouali, R. Belhoussine, R.J. Veldman, T. Levade,
M. Manfait, Elevation of glucosylceramide in multidrug-resistant
cancer cells and accumulation in cytoplasmic droplets, Int.
J. Cancer 94 (2001) 157–165.

[46] R.J. Veldman, K. Klappe, J. Hinrichs, I. Hummel, G. van der Schaaf,
H. Sietsma, J.W. Kok, Altered sphingolipid metabolism in
multidrug-resistant ovarian cancer cells is due to uncoupling of
glycolipid biosynthesis in the Golgi apparatus, FASEB J. 16 (2002)
1111–1113.
[47] V. Gouazé, Y.Y. Liu, C.S. Prickett, J.Y. Yu, A.E. Giuliano, M.C. Cabot,
Glucosylceramide synthase blockade down-regulates P-glyco-
protein and resensitizes multidrug-resistant breast cancer cells
to anticancer drugs, Cancer Res. 65 (2005) 3861–3867.

[48] H. Raa, S. Grimmer, D. Schwudke, J. Bergan, S. Wälchli,
T. Skotland, A. Shevchenko, K. Sandvig, Glycosphingolipid
requirements for endosome-to-Golgi transport of Shiga toxin,
Traffic 10 (2009) 868–882.

[49] V. Gouazé, J.Y. Yu, R.J. Bleicher, T.Y. Han, Y.Y. Liu, H. Wang,
M.M. Gottesman, A. Bitterman, A.E. Giuliano, M.C. Cabot, Over-
expression of glucosylceramide synthase and P-glycoprotein in
cancer cells selected for resistance to natural product che-
motherapy, Mol. Cancer Ther. 3 (2004) 633–639.

[50] M.C. Willingham, N.D. Richert, M.M. Cornwell, T. Tsuruo,
H. Hamada, M.M. Gottesman, I.H. Pastan, Immunocytochemical
localization of P170 at the plasma membrane of multidrug-
resistant human cells, J. Histochem. Cytochem. 35 (1987) 1451–
1456.

[51] Y. Gong, Y. Wang, F. Chen, J. Han, J. Miao, N. Shao, Z. Fang, R. Ou
Yang, Identification of the subcellular localization of daunorubi-
cin in multidrug-resistant K562 cell line, Leuk. Res. 24 (2000)
769–774.

[52] M. Solazzo, O. Fantappie, N. Lasagna, F. Platini, L. Tessitore,
R. Mazzanti, P-gp localization in mitochondria and its functional
characterization in multiple drug-resistant cell lines, Exp. Cell
Res. 312 (2006) 4070–4078.

[53] N.M. Maraldi, N. Zini, S. Santi, K. Scotlandi, M. Serra, N. Baldini,
P-glycoprotein subcellular localization and cell morphotype in
MDR1 gene-transfected human osteosarcoma cells, Biol. Cell 91
(1999) 17–28.


