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Effect of brefeldin A and castanospermine on resistant cell lines
as supplements in anticancer therapy
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Abstract. In the present study, we analyzed the influence of
brefeldin A (BFA) and castanospermine (CAS) on the activity,
stability and localization of P-glycoprotein (Pgp) and breast
cancer resistance protein (BCRP) in various resistant cell lines.
The impact of BFA and CAS on cell viability was assessed
using the MTT test. Western blotting (WB) was performed
to assess the effect of the inhibitors on the expression of the
investigated proteins. Immunofluorescence was employed to
assess the effect of BFA and CAS on the cellular localization
of the proteins. Flow cytometry was used to verify the func-
tional role of inhibitors on drug uptake and efflux. The MTT
test showed that BFA had a significant effect on cell viability
in LoVo/Dx and W1PR cell lines. WB analysis demonstrated
that BFA partially blocked Pgp N-glycosylation and induced
BCRP degradation and CASP 3-dependent apoptosis in
WITR cells; however, the BFA activity was p53-independent.
CAS had no effect on the stability of Pgp but increased the
level of non-glycosylated BCRP. The expression of p53
protein decreased in all of the cells that were treated with
CAS. Immunofluorescence revealed that BFA caused a more
granular Pgp signal in W1PR and BCRP in A2780T1 cells.
Furthermore, BFA caused morphological changes in LoVo/
Dx and WITR cell lines. CAS also induced a granular signal
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in all of the cell lines, except WITR. The flow cytometry
showed higher dye accumulation in sensitive cell lines. We
observed an increase in the mean fluorescence intensity (MFI)
of Rho123 in LoVo/Dx cells treated with BFA and CAS, but
no differences were observed in WIPR. BFA had no effect on
the MFI of WITR, but CAS led to an increase in the level
of intracellular H33342 in WITR and A2780T1 cells. These
results suggest that these compounds are likely to be useful as
supplements in anticancer therapy.

Introduction

Although our understanding of cancer has improved compared
with previous years, effective treatment is still hampered by
the highly complex nature of the disease (1). Chemotherapy
is usually the primary treatment for most patients, but multi-
drug resistance (MDR) often causes chemotherapy failure (2).
ATP-binding cassette (ABC) transporters have been found
to be involved in MDR. The most important ABC proteins
are P-glycoprotein (Pgp) and breast cancer resistance protein
(BCRP) (3,4), both of which are glycoproteins and can be
affected by glycosylation in MDR (5).

Pgp acts as an ATP-dependent drug efflux pump (6),
and its role in MDR was described in 1987 by Pastan and
Gottesman (7). Human Pgp contains 10 consensus sequences
for N-linked glycosylation, but only three of these sequences
are glycosylated in the first extracellular loop of Pgp (8). Pgp
is synthesized as a 160 kDa protein (8) and is located at the
plasma membrane and in intercellular compartments (9-11).
BCRP, the other drug transporter protein, is also implicated in
the development of the MDR phenotype and has been reported
to be overexpressed in many solid tumors (12). It has a molec-
ular mass of 72 kDa and is termed a half-transporter (13) since
dimerization is required for substrate transport. The BCRP
N-linked glycosylation sites correspond to Asn596 in the
extracellular loop (14,15).

Glycosylation has been described as the most common
post-translational modification of proteins (16). It is involved
in various cellular processes, including protein folding,
protein secretion, intracellular trafficking, stability and
substrate specificity (15,17). Properly folded proteins are
secreted or targeted to their final intracellular or extracellular
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destination, whereas misfolded proteins are recognized as
aberrant products and targeted for endoplasmic reticulum
(ER)-associated degradation (ERAD) (18,19) or delivered to
lysosomes for degradation (16).

Glycosylation can be inhibited by different inhibitors that
are capable of blocking different stages of this process. The
most important inhibitor is tunicamycin, which is used to block
the glycosylation of Pgp and BCRP. Other important inhibitors
of glycosylation are brefeldin A (BFA) and castanospermine
(CAS) (8).

BFA is characterized as an antiviral antibiotic (20). In
primary cultured rat hepatocytes, BFA inhibits the secretion of
plasma proteins at an early step in the secretory pathway (21,22),
as well as the anterograde movement of the membrane beyond
the mixed ER/Golgi system (20). Investigators have observed
the breakdown of the Golgi apparatus and redistribution of
proteins into the ER in the presence of BFA, and these effects
were rapidly and completely reversed by removal of the
drug (20). BFA treatment of the Golgi apparatus resulted in the
rapid induction of membrane tubules (20) and the redistribu-
tion of many Golgi enzymes to the ER (23) due to the inhibition
of coat protein (3-COP) assembly on Golgi cisternae (24).
In summary, BFA has been shown to inhibit the exocytotic
pathway of proteins from the ER to the Golgi, irrespective of
whether these proteins are secretory or membrane-bound, but
the effect of the BFA blockade is considered to be only tempo-
rary (21). Furthermore, BFA is a potent inducer of apoptosis in
human cancer cells based on DNA fragmentation (25), and it
induces apoptotic cell death in ovarian carcinoma cell lines by
activating the mitochondrial pathway and the caspase-8 and
Bid-dependent pathway (26-28) but not in a p53-dependent
mechanism (25,29). Additionally, BFA has been shown to
reverse the function of the multidrug resistance-associated
protein (MRP) function (30). Although the cytotoxic activity
of BFA has been reported, BFA has not yet been applied as an
anticancer drug.

CAS is an indolizidine alkaloid that was isolated from the
Australian rainforest plant Castanospermum australe (31).
The main function of CAS is inhibition of glucosidases I and II
and obligatory enzyme trimming during the synthesis of
N-linked oligosaccharides on glycoproteins (32). In various
studies, the ability of CAS to prevent the rejection of organ
transplants has been evaluated (33), and it has been shown
to display antiviral activity against retroviruses including
HIV (34,35). Combination therapy of 6-O-butanoyl castano-
spermine (Celgosivir) with peginterferon and/or ribavirin
has been undergoing investigation in phase II clinical trials
for the treatment of patients with chronic HCV (36). CAS
significantly inhibits tumor growth in nude mice, reduces
the adhesion of tumor cells to the vascular endothelium, and
decreases antimetastatic activity by inhibiting platelet aggre-
gation of metastatic cells (32). Furthermore, CAS has been
shown to inhibit cellular transformation by altering oncogene
glycosylation, angiogenesis in drug-treated animals (32) and
concentration-dependent inhibition of C6 glioblastoma cell
proliferation (37).

Unfortunately, to date, no studies have been conducted
to examine the correlation between the changes in MDR
protein glycosylation and cancer MDR. Previously, we tested
tunicamycin (tun), one of the most well-known inhibitors of
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glycosylation (38). Research was very encouraging, and there-
fore we decided to expand our investigation. In the present
study, we analyzed BFA and CAS, which block different stages
of the glycosylation process. We decided to test the impact of
the two N-glycosylation inhibitors on Pgp and BCRP, two of
the most common MDR proteins, the tumor overexpression of
which is the main cause of cancer chemotherapy failure.

Materials and methods

Chemicals and drugs. Doxorubicin, topotecan, paclitaxel, BFA,
CAS, BMA, MG132, Rhol23, H33342 and RIPA lysis buffer
were obtained from Sigma (St. Louis, MO, USA). RPMI-1640
medium and Eagle's Minimum Essential Medium (EMEM),
fetal bovine serum (FBS), antibiotic-antimycotic solution and
L-glutamine were also purchased from Sigma. PNGase F was
obtained from New England Biolabs (Hitchin, UK). Bradford
dye reagent was obtained from Bio-Rad Laboratories (Hemel
Hempstead, UK). Polyvinylidene difluoride (PVDF) membrane
was obtained from GE Healthcare (Buckinghamshire, UK).
Cell Proliferation Kit I (MTT) and protease inhibitor cocktail
were purchased from Roche Diagnostics GmbH (Mannheim,
Germany). The rabbit anti-ABCG2 polyclonal Ab (H-70) used
for western blotting (WB), rabbit anti-GADPH polyclonal anti-
body (Ab) (FL-335), goat anti-mouse HRP-conjugated Ab and
goat anti-rabbit HRP-conjugated Ab were purchased from
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Mouse
monoclonal anti-Pgp Ab (C219) was obtained from Alexis
Biochemicals (Lorrach, Germany). The mouse monoclonal
anti-p53 Ab and mouse monoclonal anti-ABCG?2 used for
the immunofluorescence experiments were obtained from
Novus Biologicals (Germany). Human/mouse cleaved
caspase-3 (Aspl75) monoclonal antibody (MAB835) was
obtained from R&D Systems (Abingdon, UK). The MFP488
fluorescent secondary antibodies was obtained from MoBiTec
(Goettingen, Germany). Mounting medium with DAPI was
obtained from Santa Cruz Biotechnology. The 4X Laemmli
sample buffer and 4-20% mini-PROTEAN® TGX™ precast
gels were obtained from Bio-Rad Laboratories.

Cell culture. Two resistant ovarian cancer cell lines were used
in the present study. From the W1 cell line {primary ovarian
cancer cell line, established from ovarian cancer tissues that
were obtained from an untreated patient in December 2009
[these cell lines were derived in our laboratory as described
previously by Januchowski er al (39)]}, we generated the WITR
subline, which is resistant to topotecan (top) (W1 is topotecan
resistant to a top concentration of 24 ng/ml), and the W1PR
subline, which is resistant to paclitaxel (pac) (W1 is paclitaxel
resistant to a pac concentration of 1,100 ng/ml). The second
ovarian cancer cell line, A2780T1, is a topotecan-resistant
subline that was generated from the commercially avail-
able established human ovarian carcinoma cell line A2780
(obtained from ATCC, Poland). The drug-resistant sublines
were generated by the exposure of the drug-sensitive cells to
incrementally higher concentrations of each drug. The human
colon adenocarcinoma doxorubicin (dox)-resistant cell line
LoVo and LoVo/Dx were also used (obtained from ATCC).
LoVo/Dx was cultured in the presence of 200 ng/ml dox to
maintain its resistant phenotype.
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The LoVo, LoVo/Dx, A2780 and A2780T1 cell lines
were cultured in EMEM; and the W1, W1PR and WITR
cell lines were cultured in RPMI-1640 medium. The media
were supplemented with 10% FBS, 2 mM L-glutamine and
1% antibiotic-antimycotic solution. The cells were cultured at
37°C in a humidified atmosphere with 5% CO, (v/v).

The WITR and A2780TRI1 cells were shown to overex-
press BCRP, while the WIPR and LoVo/Dx cells overexpress
Pgp (39,40).

Cell viability assay. To determine the cell viability we used the
Cell Proliferation Kit I (MTT) according to the manufacturer's
instructions. The survival assay was performed to estimate the
extent of cell resistance to the chemotherapeutic agents, BFA
and CAS. Briefly, the cells were seeded at 4x10° cells/well
(200 pl) in 96-well culture plates and pre-incubated for 48 h.
To examine the effect of BFA, CAS or chemotherapeutic
drugs on cell survival, the cells were treated with increasing
concentrations of BFA, CAS or the different drugs for 72 h.
Subsequently, 10 ul of MTT labeling reagent was added to the
medium (the final concentration of MTT was 0.5 mg/ml) for
4 h and 100 pl of the solubilized solution was then added to
each well. After an overnight incubation, the absorbance was
measured in a microplate reader at 570 nm with a reference
wavelength of 720 nm.

In addition, we examined the effect of BFA and CAS on
cellular resistance to chemotherapeutic drugs. The cells were
seeded at 4x10° cells/well in 96-well culture plates. After
48 h, the cells were pre-treated with BFA or CAS for another
48 h, and the medium was subsequently replaced with fresh
medium supplemented with a cytostatic drug and BFA or
CAS. The BFA concentration used was based on previously
established values for each cell line: 10 ng/ml for LoVo/
Dx, 7 ng/ml for W1PR, 6 ng/ml for WITR and 8 ng/ml for
A2780T1 cells; for CAS: 10 pg/ml for LoVo/Dx, 50 pug/ml
for WIPR and WITR and 60 pg/ml for A2780T1 cells. After
72 h of incubation, cell proliferation was assessed as previ-
ously described. As a control, we used cells that were treated
with only the cytostatic drugs for 72 h. All experiments were
repeated three times.

Preparation of cell lysates and glycosidase treatment. For
the immunoblot analysis of protein expression, the cells were
pre-incubated for 48 h (1x10° cells/75 ¢cm? culture flask). The
medium was then replaced with fresh medium only or fresh
medium supplemented with BFA or CAS at different concen-
trations. After 72 h of incubation, the cells were harvested by
trypsinization and pelleted by centrifugation. The cell pellets
were washed once with phosphate-buffered saline (PBS), and
the cells were lysed with RIPA lysis buffer supplemented with
protease inhibitor cocktail for 5 min on ice. The cell lysates
were centrifuged at 8,000 x g at 4°C for 10 min, and the total
protein concentration in the supernatant was measured. The
protein concentration was determined using Bradford dye
reagent with BSA as the standard. Glycosidase treatment was
performed by incubating 35 ug of the cell lysate with 5 ul of
PNGase F at 37°C for 10 min.

Western blot analysis. Western blot analysis was conducted
under reducing conditions. The cell lysate samples (35 ug)
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were initially mixed with 4X Laemmli sample buffer and
incubated at room temperature (RT) for 20 min. The lysates
were then electrophoretically separated on a 4-20% mini-
PROTEAN® TGX™ precast gel and then electroblotted onto
a PVDF membrane. The membrane was blocked with 5%
(w/v) dry milk in TBS at RT for 1 h. The membranes were
then incubated with anti-Pgp, anti-BCRP, anti-p53 primary
(1:500 dilution) and anti-CAS 3 (1:1,000 dilution) antibodies
at 4°C overnight. The membranes were also probed with
the anti-GAPDH antibody (1:1,000 dilution) as a loading
control. For the secondary antibody, horseradish peroxidase
(HRP)-linked anti-species antibody was used at a dilution of
1:2,000. HRP-dependent luminescence was developed with
the Femto SuperSignal reagent and detected using a UVP
imaging system.

Immunofluorescence analysis. Cells were fixed and permea-
bilized in 4% paraformaldehyde for 15 min, followed by
ice-cold methanol for 15 min at -20°C and washed with
PBS. The cells were then incubated with 5% HSA for 1 h. To
detect Pgp, the cells were treated with a mouse monoclonal
antibody against Pgp at a dilution of 1:30 for 1 h at RT. The
cells were then washed five times with PBS and incubated with
an MFP488-labeled anti-mouse antibody for 1 h at RT in the
dark. To visualize the cell nuclei, the cells were mounted with
a DAPI-containing mounting medium (blue). To detect BCRP,
the cells were treated with a mouse monoclonal anti-BCRP
antibody (Novus Biologicals) at a dilution of 1:200 for 1 h
at RT. Subsequently, the cells were washed with PBS and
incubated with an MFP488-labeled anti-mouse secondary
antibody. Finally, the coverslips were mounted with DAPI
mounting medium. Fluorescent images were collected using
a ZEISS light microscope. The expression of Pgp and BCRP
was analyzed by pseudo-color representations of the fluores-
cence intensity (green).

Flow cytometric analysis. To assess the efflux activity of Pgp
and BCRP, whole resistant cell lines were incubated with BFA
or CAS and drugs, using previously described conditions. We
used sensitive W1, A2780 and LoVo cell lines as a control for
the inability to eliminate the drugs from cells. In addition,
WI1PR, WITR, A2780T1 and LoVo/Dx cells were used as a
positive control for drug efflux. We used the fluorescent dye
Rhodamine 123 (Rhol23) as an index of Pgp activity and
Hoechst33342 (H33342) as an index of BCRP activity. The cell
suspensions (1x10%ml) were incubated with 0.5 yg/ml Rhol23
or 2.5 ug/ml H33342 for 1 h at 37°C in medium. Next, the
cells were washed twice in cold PBS with 500 M verapamil
(a known MDR inhibitor), and cellular uptake of Rhol23 or
H33342 was immediately analyzed using a FACSAria III (BD,
Warsaw, Poland) with the FCS Express Plus software program.
In each analysis, 10,000 events were recorded. The fluorescent
emission was collected at 488 nm for Rhol23 and at 375 nm
for H33342.

Statistical analysis. The statistical analysis was performed
using Microsoft Excel software. The statistical significance
of the differences was determined by applying the Student's
t-test. A p-value <0.05 was considered to indicate a statisti-
cally significant result.
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Figure 1. MTT cell survival assay. LoVo/Dx, W1PR, W1TR and A2780T1 cells were seeded at a density of 4,000 cells/well in 96-well plates. The cells were
pre-treated with BFA or CAS for 48 h, and then with a combination of BFA or CAS and doxorubicin (dox) (LoVo/Dx), topotecan (top) (WITR and A2780T1),
or paclitaxel (pac) (WIPR) for 72 h. The cell viability of each cell line is expressed as a percentage of the untreated control. Data are expressed as mean

values + SD from three independent experiments, ““p<0.01, "p<0.05.

Results

Effect of BFA and CAS on cell viability. To identify the impact
of BFA and CAS on cell viability, the cells were treated with
BFA or CAS at increasing concentrations for 72 h. BFA and
CAS induced a dose-dependent decrease in cell viability in all
of the drug-resistant cell lines (data not shown). In subsequent
experiments, we selected an inhibitor concentration that would
only decrease cell viability to 81-93% in each cell line (Fig. 1).
We decided to use an inhibitor concentration that was not too
toxic to the cells, but that provided an observable effect. To
achieve this goal, BFA was applied at a concentration of 10 ng/
ml for LoVo/Dx, 7 ng/ml for W1PR, 6 ng/ml for WITR and
8 ng/ml for A2780T1 cells, and CAS was used at a concentra-
tion of 10 ug/ml for LoVo/Dx, 50 ug/ml for W1PR and WITR
and 60 pg/ml for A2780T1 cells.

Next, we tested whether BFA or CAS and the cytostatic
drugs had a synergistic effect on the drug-resistant cell lines.
Cells were treated with BFA or CAS at the indicated concen-
trations for 48 h. The medium was then replaced with fresh
medium supplemented with BFA or CAS and one of the cyto-
static drugs at the following concentrations: dox 200 ng/ml,
top 24 ng/ml and pac 1,100 ng/ml. The cells were incubated
for another 72 h. We also treated cells with the cytostatic drugs
alone for 72 h. As a control, cells were assessed in the absence
of cytostatic drugs.

In the LoVo/Dx and W1PR cell lines, we observed a
statistically significant synergistic effect of BFA and the
drugs (Fig. 1). Furthermore, the viability of the LoVo/Dx cell
line in response to the co-treatment with BFA and dox showed
the most significant decrease (p<0.01) in comparison to the
cells that were treated with dox. Co-treatment of the WITR
cell line with BFA and top resulted in reduced cell viability
in comparison to cells that were treated with top alone, but
the changes were not statistically significant (p<0.1). In the
A2780T1 cells supplemented with BFA and top, there were
no significant changes in viability in comparison to cells that
were treated with top alone (Fig. 1).

CAS treatment had no statistically significant effect on the
sensitivity of tumor cells to cytostatic drugs (Fig. 1), although

in WIPR, WITR and A2790T1 cells, CAS reduced the cell
viability in comparison to cells that were treated with the drug
alone, but the changes were not statistically significant (p<0.1).

Effect of BFA and CAS on the expression of Pgp and BCRP
proteins. Western blot analyses were conducted to assess
whether BFA or CAS could affect the expression of Pgp
and BCRP proteins. After BFA treatment, Pgp displayed a
molecular mass that was approximately a few kDa less than
that of the fully glycosylated protein (Fig. 2A). As a control,
the LoVo/Dx and W1PR cell lysates were incubated with
N-glycosidase F (PNGase F) to remove all of the N-linked
glycans. After incubation with PNGase F, we observed bands
at an even lower molecular weight then those observed for the
BFA-treated cells. We did not observe any changes in the level
of p53 protein expression in the LoVo/Dx or W1PR cells after
BFA treatment (Fig. 2A).

For BCRP, it was characteristic to identify two bands
in the control samples, indicating two forms of the BCRP
protein (Figs. 2A and 3). After incubation with PNGase F,
only the band with the lower molecular weight was
observed (Fig. 2A). The lower band was consistent with the
size of the unglycosylated protein. In the BFA-treated cells, we
observed a third, additional band (Fig. 2A), and a more fully
glycosylated form of BCRP. We did not notice any changes
in p53 expression in the A2780T1 cells following treatment
with BFA, in contrast to WITR cells in which the level of p53
protein was reduced after BFA supplementation (Fig. 2A). BFA
treatment increased and decreased the expression of CASP 3
in the WITR and W1PR cell lines, respectively (Fig. 2B).

Due to the observation of a third band of BCRP in
BFA-treated A2780TR1 and WITR cells, we decided to
further investigate the mechanism underlying this phenom-
enon. We suspect that BFA could affect BCRP degradation.
Protein degradation occurs at two major sites: the lysosome
and the proteasome. To examine whether the lysosomal or
the ubiquitin-proteasomal pathway was involved in BCRP
degradation, we pre-cultured A2780TR1 and WITR cells in
the presence or absence of 2 yM MG132 (a proteasomal degra-
dation inhibitor) or 10 nM BMA (a lysosomal degradation
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Figure 2. Effect of brefeldin A (BFA) on the expression of Pgp, BCRP, p53 and CASP 3 proteins in LoVo/Dx, WIPR, A2780T1 and WI1TR cell lines. As a
control, protein lysate was digested with PNGase F. Cellular proteins (35 pg) were separated on a 4-20% mini-PROTEAN® TGX™ precast gel and transferred
to a PVDF membrane. The membrane was blocked and immunoblotted with a primary Ab and then an HRP-conjugated secondary Ab. (A) Pgp, BCRP and
p53 expression in BFA-treated cells and after PNGase F digestion. (B) CASP 3 expression in all BFA-treated cells. (C) The effect of BFA and either BMA or
MG132 on BCRP expression in the A2780T1 and W1TR cells. GAPDH was used as a loading control for the western blot analyses.
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Figure 3. Effect of castanospermine (CAS) on the protein expression of Pgp, BCRP and p53 in LoVo/Dx, WIPR, A2780T1 and WITR cell lines. Cellular
proteins (35 ug) were separated on a 4-20% mini-PROTEAN® TGX™ precast gel and transferred to a PVDF membrane. The membrane was blocked and
immunoblotted with a primary Ab and then an HRP-conjugated secondary Ab. GAPDH was used as a loading control for the western blot analyses.

inhibitor) for 3 h and subsequently replaced the medium with
fresh medium supplemented with BFA and MG132 or BMA
for another 72 h. We verified that the concentrations of the
protein degradation inhibitors were non-toxic to the cells.
We found that pre-treatment with MG132 or BMA led to an
increase in the expression only of unglycosylated BCRP, but
the lowest band was still observed (Fig. 2C). Moreover, BCRP
protein expression was increased in the WITR cells that were
co-treated with BFA and MG132, despite the lower total
protein concentration represented by GAPDH (Fig. 2C).

Pgp bands of the same size were obtained from LoVo/Dx
and W1PR cells treated with CAS compared with the controls
without drug (Fig. 3). BCRP was detected in the form of
two bands in the A2780T1 and WITR cell lines. The upper
bands corresponding to the fully glycosylated form of BCRP
were more apparent. In cells treated with CAS, BCRP was
mainly detected as a lower-molecular-weight protein (Fig. 3)
corresponding to the size of unglycosylated BCRP. Reduced
expression of p53 was detected in all of the cells treated with
CAS (Fig. 3).

Effect of BFA and CAS on the cellular localization of Pgp and
BCRP. We were interested in whether BFA or CAS affected
the cellular localization of Pgp in WIPR and LoVo/Dx cells
and the localization of BCRP in WITR and A2780T1 cells.
In LoVo/Dx cells, Pgp was mostly detected at the plasma
membrane, in the cytoplasm and around the nuclear envelope
in the absence of BFA or CAS treatment (Fig. 4). After BFA
treatment, we noticed changes in the morphology of the cells;
they became rounder, while the Pgp signal remained the same
as in the control. In contrast, in CAS-treated cells, Pgp was
mainly observed within the cytoplasm in the form of granules
(Fig. 4). In WI1PR cells, the localization of Pgp was similar
to that in the LoVo/Dx cells; it was observed at the plasma
membrane, in the cytoplasm and close to the nuclear enve-
lope. BFA treatment caused a Pgp signal in the cytoplasm to
move to the nuclear periphery. In the CAS WIPR cells, the
fluorescence signal was mostly cytoplasmic, which was a little
different compared with the other cells (Fig. 4).

In the untreated A2780T1 and WITR cells, BCRP was
detected in the cytoplasm (Fig. 4). After BFA treatment, the
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Figure 4. Immunofluorescence analysis of Pgp and BCRP expression in
LoVo/Dx, WIPR, WITR and A2780T]1 cell lines in the absence or presence
of brefeldin A (BFA) and castanospermine (CAS). Pgp was detected using
anti-Pgp and MFP488-conjugated secondary antibodies (green). BCRP
was detected using an anti-BCRP antibody (Novus Biologicals) and an
MFP488-conjugated secondary antibody (green). To visualize cell nuclei,
the cells were mounted with a DAPI-containing mounting medium (blue).
Magnification, x40.

localization of BCRP in the A2780T1 cell line changed to a
granular signal. The morphology of WITR cells changed after
BFA treatment, exhibiting a rounder appearance compared
with the control (Fig. 4). CAS treatment affected BCRP
localization only in A2780T]1 cells, in which BCRP protein
aggregates were observed in the cytoplasm (Fig. 4).
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Effect of BFA and CAS on the cellular accumulation of
Rhoi23 or H33342. To verify whether BFA or CAS could
have a functional role in drug uptake and efflux, fluorescence
accumulation and efflux were investigated in the absence
and presence of BFA or CAS. The intracellular uptake of the
fluorescent dye Rhol23 or H33342 was evaluated in sensitive
and MDR cell lines, and in MDR cells treated with BFA or
CAS. A precise analysis was conducted based on the mean
fluorescence intensity (MFI). The results indicated that the
amount of Rhol23 or H33342 accumulation in sensitive cells
was increased compared with that in resistant cells in all cell
lines (Fig. 5). The level of intracellular Rhol23 was ~2.7 times
higher in LoVo than that in the LoVo/Dx cells and 20 times
higher in W1 than that in the W1PR cells (Fig. 6). Similarly,
the intracellular level of H33342 was ~2.2 times higher in W1
than that in the WITR cells and 5 times higher in A2780 than
that in the A2780T]1 cells (Fig. 6). We observed an increase
in the MFI of Rho123 in the LoVo/Dx cells treated with BFA
and CAS in comparison with the LoVo/Dx control sample,
but these changes were not significant (Figs. 5 and 6). No
differences in the MFI of Rhol23 were detected in the W1PR
cells after BFA and CAS stimulation. The addition of BFA to
WITR cells had no effect on MFI, but CAS led to a significant
increase in the level of intracellular H33342 in the resistant
WITR cells (Figs. 5 and 6). The analogous effect was observed
in A2780T1 cells, in which CAS increased the MFI of H33342
in comparison to BFA (Figs. 5 and 6).

Discussion

The expression of MDR proteins, including Pgp and BCRP,
is responsible for chemotherapy failure in numerous cancers.
Consequently, the application of drugs that block the activity
and function of MDR proteins represents an opportunity in
current research in oncology. New strategies are needed to
circumvent the effects of MDR in cancer chemotherapy. Since
both proteins are glycosylated, it can be anticipated that the
use of glycosylation inhibitors will change their expression
and increase the sensitivity of cells to cytostatic drugs.

In the present study, we tested two inhibitors of N-linked
glycosylation, BFA and CAS, as potential factors facilitating
an increase in the efficiency of chemotherapy. BFA inhibits
protein transport from the ER to the Golgi apparatus (20).
In the present study, BFA increased sensitivity to cytostatic
drugs in LoVo/Dx and WI1PR cell lines characterized by Pgp
overexpression. This finding is consistent with the results of
Fu et al, who also showed that BFA increased the intracellular
accumulation of the Pgp substrate daunorubicin, resulting in
a higher toxicity in HeLa cells (41). Fu et al stated that this
phenomenon resulted from an increase in the localization of
Pgp in the ER (41). We suspected that BFA had a similar effect
on Pgp in the present analyses. BFA also significantly increased
the intercellular accumulation of ZDV, another Pgp substrate,
in a pre-adipocyte cell line (42). We suggest that BFA induces
an increase in the accumulation of chemotherapeutic agents
in the cytoplasm of cells that are characterized by Pgp over-
expression. Furthermore, Rhodes ef al demonstrated that BFA
blocks non-Pgp-mediated MDR activity in the COR-L23/R
cell line (43). In contrast, other researchers reported that BFA
has no effect on the cellular drug level (44-46). Therefore, we
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Figure 5. The influence of BFA and CAS on intercellular Rhol23 and H33342 accumulation in the tested cell lines. Cells were exposed to 0.5 pzg Rho123/ml
in medium or 2.5 pg H33342/ml in medium at 37°C for 1 h and then washed twice with cold PBS containing 500 #M verapamil to inhibit MDR activity. The
figure shows four diagrams of the fluorescence intensity, each consisting of the fluorescence intensity of the sensitive cell line, corresponding resistant cell line
and resistant cells treated with the inhibitors. Whole control sensitive cell lines that were not treated with inhibitors are indicated in red, untreated resistant
cells are indicated in blue, and cells treated with BFA and CAS are indicated in green and purple, respectively.
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Figure 6. Mean fluorescence intensity (MIF) of Rho123 in LoVo, LoVo/Dx, W1 and W1PR cells and H33342 in W1, WITR, A2780 and A2780T]1 cells and in
the respective cells treated with BFA or CAS. The MFI was calculated automatically using the FACS Express Plus software program.

agree with the opinion that BFA may have a sensitizing effect, The expression of BCRP in WITR and A2780TRI1 cell
depending on the drug resistance level, mainly by reversing lines is responsible for top resistance. We did not observe
Pgp-mediated resistance (30). any significant changes in top resistance following BFA
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co-treatment in these cell lines. It has been reported that BFA
has both a sensitizing and a protective effect, depending on the
drug resistance level (30). This finding could explain why we
did not notice any significant changes in WITR and A2780T1
cell viability during co-treatment with BFA and drugs. The
BFA concentrations used in this experiments may not have
been sufficient for reversal of the BCRP resistant effect.
Wlodkowic et al showed that BFA had a different effect on
cell proliferation in various human follicular lymphoma cell
lines (28). We suspect that ovarian cancer cell lines may not be
susceptible to BFA.

The results of the immunoblot analysis demonstrated that
BFA partially blocked the N-linked glycosylation of Pgp in
the W1PR and LoVo/Dx cell lines. We observed bands that
were approximately a few kDa smaller than the control bands,
but they were not characteristic of Pgp lacking sugar as
determined by treatment with PNGase F. It is possible that the
concentration of BFA used in the present study was insufficient
to completely inhibit Pgp glycosylation. BFA has not been used
as an anticancer drug to date, but it has been shown to induce
p53-independent apoptosis in human cancer cells (25,29,47),
and internucleosomal DNA fragmentation associated with
apoptosis (25). Thus, we assessed the level of p53 expression
in all of the tested cell lines. Our results were inconsistent with
some of the literature since we did not observe any differences
in p53 expression in cells that were treated with BFA but rather
in the W1TR cell line, which displayed lower pS3 expression.
An explanation for this phenomenon is provided by Lee et al,
who showed that BFA caused concentration-dependent
changes in apoptosis-related protein levels and that these
effects were also linked to an increase in p53 levels (26). The
discrepancy in p53 expression may be a consequence of the
association of apoptosis induced by BFA and mitochondrial
breaching and caspases activation (27,28). Thus, we evaluated
the expression of CASP 3 in BFA-treated cells. All of the
control cells without BFA possessed the protein, which is
consistent with the previous supplementation of the cells with
cytostatic drugs that could initiate the apoptotic cascade.
In BFA-treated W1TR cells, we observed elevated CASP 3
expression, demonstrating that in this example, BFA potently
induced apoptosis associated with caspase activation. This
finding is in agreement with a previous report and confirms
the involvement of caspase in cell death in this model (28).
In contrast, in W1PR cells treated with BFA, a lower level of
CASP 3 expression was observed, revealing that in various cell
lines BFA can affect other signaling pathways. Western blot
analysis was also used to detect BCRP protein in the A2780T1
and WITR cell lines before and after BFA supplementation.
In the control samples, two bands were identified that were
consistent with antibody specifications. These two bands
represented the unglycosylated and fully glycosylated forms
of BCRP. In the BFA-treated cells, in addition to these two
bands, we observed another band corresponding to a protein
with a smaller molecular weight. Nakagawa et al also
identified additional bands in Flip-In-293/ABCG2 cells that
had been incubated with BFA and suggested that they were
unglycosylated or immature forms of BCRP (15). We suggest
that BFA caused the partial degradation of BCRP, probably due
to ERAD in which misfolded proteins are retrotranslocated
from the ER to the cytosol and subsequently degraded by the
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ubiquitin-proteasome system (16,22). We demonstrated that
N-linked glycosylation was essential for BCRP expression
and that the disruption of this process resulted in protein
expression, confirming a previous study (14). To examine the
potential impact of BFA on BCRP protein degradation in both
cell lines, we used two inhibitors of protein degradation, BMA
and MG132. However, in the presence of these inhibitors, the
degraded BCRP was barely visible, which may indicate that
BFA did not result in proteasomal or lysosomal degradation
alone but that a more complicated pathway could be involved,
as claimed by Ferris et al (16).

In LoVo/Dx and WI1PR cells treated with BFA, we did
not observe any changes in the localization of the immuno-
fluorescent Pgp signal in comparison to the control without
drugs. However, Labroille er al showed a 35% decrease in
the level of surface Pgp when resistant cells were treated for
24 h with BFA (48). Similarly, Fu et al showed that 5 yg/ml
BFA completely blocked intracellular trafficking of Pgp to the
cell surface in HeLa cells (41). In the present study, a similar
phenomenon was not detected through 72 h of incubation with
BFA. We suspect that the inhibition of BFA was not completely
efficient, and therefore Pgp was still observed in the cell
membrane in the WIPR cell line. The time needed to trans-
port Pgp from the ER to the Golgi and finally to the plasma
membrane is 12-48 h (41), and therefore our 72-h incubation
should have been sufficient. However, another study showed
that the total level of Pgp was stable in BFA-treated K562
MDR cells (48), indicating that the surface Pgp pool is contin-
uously supplied by the cytoplasmic pool via the migration of
Golgi vesicles containing Pgp towards the cell surface (48).
Immunofluorescent analysis of Pgp revealed granules in W1PR
cells treated with BFA and similar granules with positive
staining for BCRP in the A2780T1 cell line. These findings
could be explained by a higher condensation of Pgp/BCRP in
the cytoplasm induced by BFA disorders in the intercellular
protein trafficking of newly secreted proteins. Furthermore,
in the BFA-treated W1PR cells, we observed an accumulation
of Pgp close to the nucleus. Our explanation is consistent with
that of other researchers. The entrapment of insoluble forms
of a protein in the ER is commonly observed (16). Granules
can be describe as a trapped, newly synthesized Pgp in the
fused Golgi-ER compartment (41) since BFA could cause the
collapse of Golgi membranes into the ER (47). The accumula-
tion of protein may be associated with an inefficient detection
of misfolded protein (19) induced by BFA treatment, or it could
indicate that the protein was degraded through ERAD (16).
BFA did not have a significant effect on Pgp expression in
LoVo/Dx cells, probably due to the large intracellular pool
of Pgp. We observed a clear change only in the morphology
of the cells, which become rounder. A similar effect was
observed for BCRP in the WITR cell line after BFA incuba-
tion. This finding may indicate that the concentration of BFA
was slightly toxic to the cells. However, we did not observe
nuclear condensation or fragmentation, which is characteristic
of apoptotic cells (26,28). The results may have been caused
by the ability of BFA to block cell adhesion, as demonstrated
in the GR and OVCAR-3 cell lines (24,26). BFA started to
induce apoptosis associated with mitochondrial breaching
and caspase activation, as demonstrated in human follicular
lymphoma cell lines (28). We confirmed that the morpholog-
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ical changes induced in BFA-exposed cells could be dependent
on cell cycle arrest (24).

CAS is an a-glucosidase inhibitor. During the simulta-
neous treatment with CAS and drugs, we observed a decrease
in cell viability, but this change was not statistically significant.
This result could indicate that CAS did not significantly affect
the activity of glycoproteins. Nakajima et al also showed that
CAS treatment had an insignificant effect on UGTA9 activity
in HEK?293 cells (17). In contrast to our results, a smaller
reversal effect of CAS on cellular resistance has been shown in
Flip-In-293/ABCG?2 cells (15). It has also been demonstrated
that CAS reduced the proliferative properties of C6 glioblas-
toma cells (37). Its analogues SO-OCS and CO-OCS reduced
cell proliferation by inducing cell cycle arrest in breast cancer
cell lines and induced cell death in cancer cells via Bcl2 family
proteins (49). The discrepancies between the literature and our
results may be explained by differential effects of CAS on
different cell types.

The results of the western blot analysis showed that CAS
had no effect on Pgp expression. In control samples of BCRP
using the A2780T1 cell line, two bands were observed, which
was similar to the results obtained with BFA. These two bands
represented the unglycosylated and fully glycosylated forms
of BCRP. In the WITR cells, we noted only one, the heavier
band, suggesting that this sample contained mainly one form
of BCRP, the fully glycosylated form. In both cases, in the
A2780T1 and WITR cell lines, CAS treatment resulted prin-
cipally in the appearance of the lower bands. In our opinion,
this result demonstrated that CAS blocked N-glycosylation of
the BCRP protein. In contrast, Nakagawa et al showed that
incubation with CAS only reduced the level of BCRP protein
expression in Flip-In-293/ABCG2 cells, but no additional bands
with a lower molecular weight were observed (15). Notably,
the level of p53 expression was reduced in all of the cells that
were supplemented with CAS. A few possible explanations
may explain the reduced expression of p53. One explanation,
which has been described in HL-60 cells, is that the gene was
deleted or mutations occurred in the p53 promoter or within
regulatory regions (50). It has been well established that the
loss of p53 prevents cellular senescence and apoptosis (51),
which likely explains why we were unable to detect a decrease
in cell viability in response to CAS treatment.

We wanted to determine whether CAS had any influ-
ence on the cellular localization of MDR proteins. The
immunofluorescence results revealed that the Pgp signal
around the nucleus was diminished in cells treated with CAS.
Furthermore, in the LoVo/Dx cells, we observed a granular
signal in the cytoplasm. Similarly, a granular and tubular
signal was observed for BCRP in the A2780T1 cells. These
results indicated that CAS did not significantly modify the
export of surface glycoproteins and that it could abrogate
protein transport in the cytoplasm. Lin et al showed that CAS
may lead to an accumulation of unfolded proteins in the ER
due to improper glycosylation (52). We propose a similar
explanation for the effects of CAS treatment in the present
study. We also suggest, in agreement with a previous report,
that the disruption of BCRP N-linked glycosylation may
enhance ubiquitin-mediated proteasomal degradation (15).
The N-linked glycan of BCRP could be a checkpoint, and it
has been considered to be important for the stabilization of
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nascent BCRP protein (15). We did not observe any changes
in WITR cells supplemented with CAS. Schraen-Maschke and
Zanetta also showed that C6 glioblastoma cells treated with
CAS displayed reduced re-aggregation (37).

We assessed whether BFA or CAS increases the intercel-
lular accumulation of drugs in resistant cell lines. We showed
that whole, sensitive versions of cancer cell lines retained a
greater amount of fluorescent dye in comparison with the resis-
tant cell lines. Similarly, Meschini et al observed high levels of
dox in LoVo cells and only very low amounts of drug in LoVo/
Dx cells (6). Furthermore, Verovski er al showed significantly
reduced Rhol23 uptake in Pgp-positive H134AD cells relative
to H134 cells (30). These findings confirmed the hypothesis
that resistant cell lines express MDR proteins that protect the
cells against the cytotoxic effects of drugs. For this reason, the
MEFTI values for Rhol123 or H33342 were reduced in resistant
cells. We noted that BFA increased the accumulation of fluo-
rescent dye only in the LoVo/Dx cells. This result confirmed
our findings using the MTT test, in which BFA caused the most
statistically significant decrease in cell viability in LoVo/Dx
cells. Janneh et al also showed that BFA increased the accu-
mulation of zidovudine in 3T3-F442A pre-adipocytes (42).
We agree with the finding that BFA had a toxic effect mainly
toward LoVo/Dx cells that was similar to the effect reported
for OVCAR-3 cells (26). In WITR cells, BFA had a small
protective effect (decrease in MFI). Similar results have been
described by Verovski et al, who showed a decrease in cellular
dox content in PSN1/ADR cells that were treated with BFA (30).
It is possible that BFA plays a role in drug resistance associated
with the Pgp transporter, but only in selected types of cancers.
Flow cytometric analyses showed that CAS had no effect on the
accumulation of Rhol123 in W1PR cells, but in the remaining
cell lines, it was very important for pump activity. We detected
the greatest increase in H33342 accumulation in WITR cells, a
somewhat smaller increase in A2780T1 cells and the smallest
increase in LoVo/Dx cells. These results differ from those
obtained for the MTT assay. Although the cell viability did
not decrease in response to CAS administration, an increased
accumulation of drug was observed by flow cytometry. In our
opinion, this finding indicates that the pumps work in the pres-
ence of CAS but function at a somewhat slower rate. As a result,
using flow cytometry, we observed an increased concentration
of drug shortly after exposure of the cells to the dyes. These
results are difficult to discuss since similar experiments with
CAS have not been reported.

These results suggest that BFA could be a candidate anti-
cancer drug supplement, mainly in cells that are characterized
by Pgp overexpression. CAS has therapeutic potential, but it
must be evaluated in other cell lines. These compounds are
likely to be useful as supplements in anticancer therapy.
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