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Abstract Drug resistance in breast cancer remains a major

cause for the failure of chemotherapy. Glucosylceramide

synthase (GCS) plays an important role in multidrug resis-

tance (MDR) in breast cancer. P-glycoprotein (P-gp) also

confers a cross-resistance of many unrelated drugs. In this

study, we studied the MDR effect and potential mechanisms

of breast cancer after constructing permanent breast cancer

cell lines with GCS knockout by using recombinant vectors

targeting GCS (pSUPER-GCSshRNAs). The GCSshRNA

stably transfected cells were successfully established and

significant lower levels of GCS mRNA and protein expres-

sion were confirmed. In in vitro experiments, the

GCSshRNA stably transfected cells showed a significantly

reduced level of MDR1 and P-gp expression and decreased

drug efflux ability. Reduced level of GCS expression con-

veyed a significant reversal of drug resistance by MTT assay

and increased caspase-3 activity. In in vivo experiments by

using nude mice with xenograft tumors, a significant

inhibition of tumor growth was observed after comparing

with the control group. Furthermore, enhanced response of

chemotherapy was acquired by reduced expression of GCS

as well as MDR1 in vivo. In conclusion, GCSshRNA could

efficiently suppress GCS and MDR1 expression in vitro and

in vivo and these findings may be used as one of the methods

to reverse MDR in breast cancer.
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Abbreviations

GCS Glucosylceramide synthase

MDR Multidrug resistance

P-gp P-glycoprotein

RNAi RNA interference

siRNA Small interfering RNA

shRNA Short hairpin RNA

Introduction

Chemo-resistance is one of the major causes of failure in

cancer management [1]. Glucosylceramide synthase (GCS)

is a glycosyltransferase in sphingolipid metabolism. This

enzyme transfers a glucose residue from UDP-glucose to

ceramide for synthesis of glucosylceramide. In addition to

many vital biologic functions in cell growth and apoptosis

[2], GCS also plays an important role in multidrug resis-

tance (MDR) [3–5]. Targeting glycolipid metabolism has

proven useful in altering chemotherapy responses in human

tumor cell lines.

P-glycoprotein (P-gp), a membrane-resident glycopro-

tein encoded by the MDR1 gene, confers a cross-resistance
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of many unrelated drugs [6–8]. P-gp acts as an energy-

dependent efflux pump that efficiently enhances outward

drugs transport and prevents entry of compounds, thereby

resulting in reduced intracellular accumulation and

decreased cytotoxicity of anticancer drugs [9, 10].

RNA interference (RNAi) represents a sequence-specific,

post-transcriptional gene silencing process in many organ-

isms. Initiated by a double-stranded RNA (dsRNA), RNAi

induces degradation of mRNA of homologous sequences to

dsRNA [11–13]. The mediators for the degradation of

sequence-specific messenger RNA are usually siRNAs with

21- and 22-nucleotides, which are generated by ribonuclease

III-like enzyme, Dicer. These siRNAs are then incorporated

into a protein complex, which is also called RNA-induced

silencing complex. This protein complex is able to degrade

homologous mRNA and then to inhibit the targeting gene(s)

at the post-transcriptional levels [14, 15]. RNAi constitutes a

promising source for new therapeutic approaches. In mam-

malian systems, sequence-specific RNAi effects can easily

be achieved by introducing synthetic small interfering RNA

(siRNA) via transfection [16, 17]. Furthermore, vectors

expressing short hairpin RNAs (shRNAs) have been devel-

oped for long-term cellular expression of siRNA [18–20].

RNAi-induced suppression of endogenous gene expression

is an attractive approach of gene therapy since multiple

targets may be manipulated simultaneously. Thus, we

planned to explore whether shRNAs targeting GCS can

induce gene silencing in vitro and in vivo.

In this report, by using a retroviral vector we constructed

recombinant vectors targeting GCS to study their multidrug

reversal effect and potential mechanisms in breast cancer

and to explore a novel strategy to increase the sensitivity of

chemotherapy in breast cancer.

Materials and methods

Cell lines and culture conditions

Human breast carcinoma cells, MCF-7/ADR, which is

resistant to adriamycin, was kindly provided by National

Cancer Institute in the United States. It was maintained in

the culture medium RPMI supplemented with heat-inacti-

vated fetal bovine serum (10%), L-glutamine (1%) and

penicillin/streptomycin (0.1%). Cells were incubated at

37�C in a humidified atmosphere with 5% CO2.

Recombinant vectors construction

shRNAi constructs corresponding to GCS gene were

designed in our laboratory by using RNAi software (Am-

bion, Inc., Austin, TX, USA) and were synthesized in

Integrated DNA Technologies (Coralville, IA, USA). The

detailed information of these shRNAi is listed in Table 1.

The constructs were then cloned into pSUPER.retro

vector to generate GCSshRNA expression vectors, which

were defined as pSUPER-GCSshRNA1 and pSUPER-

GCSshRNA2, respectively.

Transfection

Human breast carcinoma cells (MCF-7/ADR) were trans-

fected with those recombinant pSUPER vectors using

lipofectamineTM (Invitrogen, CA, USA) according to the

manufacturer’s recommendations. After selection with

G418 at 400 lg/ml, resistant clones were randomly iso-

lated for cell number expansion.

Immunoblot analysis

The immunoblot method has been described in detail else-

where [21]. Briefly, untransfected MCF-7/ADR cells and

stably transfected cells were collected and lysed in a lysis

buffer (150 mM Nacl, 0.1% Nonidet P-40, 50 mM Tris–

HCl, 0.1% SDS, 0.2% sodium azide and 0.5% sodium

deoxycholate), respectively. Lysates were cleared by cen-

trifugation at 12,0009g for 10 min at 4�C. Total proteins

from tumor tissues were extracted using another lysis buffer

(8 mol/l urea, 2 mol/l sulfocarbamide, 2% NP-40, 1% Tri-

ton X-100, 100 mmol/l DTT, 4% CHAPS, 0.5 mmol/l

EDTA, 5 mmol/lPMSF and 40 mmol/l Tris). The proteins

were boiled at 100�C for 5 min and then electrophoresed in

SDS-polyacrylamide gel. Following transfer of the sepa-

rated proteins to a polyvinylidene difluoride membrane

Table 1 Sequences of shRNAi

constructs
GCS-1

Forward 50-gatccccCATGGAAAGATTCTTTGAATAGAGCTTCAAAGAATGTTTCCAGG

tttttgaa-30

Reverse 50-agctttcaaaaaCCTGGAAAGATTCTTTGAAGCTCTATTCAAAGAATGTTTCCAGG

ggg-30

GCS-2

Forward 50-gatccccACTATGCCTCATATTCAATTAGAGCATTGAATATGAGCCAGAGT

tttttgaa-30

Reverse 50-agctttcaaaaaACTCTGCCTCATATTCAATGCTCTAATTGAATATGAGCCAGAGT

ggg-30
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using a semi-dry electroblotter, the membrane was blocked

with 5% skimmed milk powder in TBST for 2 h. Then the

blot was incubated with monoclonal antibody diluted in 5%

skim milk in 19 TBST (1:1,000) overnight at 4�C. Anti-

bodies used were GCS (Kindly provided by Dr. D. Marks in

Mayo Clinic Center), P-gp, caspase-3 and b-actin (Santa

Cruz Biotechnology, Santa Cruz, CA, USA). The membrane

was washed three times with TBST and incubated with a

horseradish peroxidase (HRP)-conjugated IgG secondary

antibody (1:4,000, Invitrogen, Carlsbad, CA, USA) at room

temperature for 1 h. The resultant bands on the membrane

were visualized by enhanced chemiluminescence develop-

ment kit (Amersham, Pharmacia Biotech, Piscataway, NJ).

RT-PCR

Total RNAs were extracted from untransfected or stably

transfected MCF-7/ADR cells using the RNA isolation kit

from Oiagen, Inc. (Valencia, CA, USA), respectively. While

from cancer tissue, total RNAs were extracted using sepasol-

RNA I super (NacalaiTesque, Kyoto, Japan). Purified RNA

was reverse-transcribed using the one-step RT-PCR system

(TaKaRa, Kyoto, Japan) according to the manufacturer’s

protocols in 20 ll of final volume. Subsequently, the resultant

cDNAs were PCR-amplified using TaqDNA polymerase

(TaKaRa, Kyoto, Japan) for 30 cycles using GCS or MDR1

specific primers, for which sequences are listed in Table 2.

Each cycle comprised of denaturation at 95�C for 1 min,

annealing at 55�C for 45 s and elongation at 72�C for 1 min.

RT-PCR products were electrophoresed through a 1% aga-

rose gel with ethidium bromide. The house keeping gene

b-actin was also amplified as an internal standard.

Measurement of caspase-3 activity

Cells were lysed for 1 h as reported in the manufacturer’s

instructions and centrifuged at 12,0009g for 3 min at 4�C.

Cytosolic protein was mixed with caspase-3-specific sub-

strate DEVD-para-mitroanilide and incubated at 37�C.

Substrate cleavage was monitored at 400 nm using a micro

ELISA reader (Sigma, St. Louis, MO, USA). To confirm

that substrate cleavage was due to caspase activity, extracts

were incubated in the presence of caspase-3-specific

inhibitor DEVD-CHO for 30 min at 37�C before the

addition of substrate.

Flow cytometric analyses of P-gp function

For detection of P-gp function as a transporter, Rhodamine

123 (Rhd 123, Sigma, St. Louis, MO, USA) was used as a

fluorescence tracer. The cells were incubated in RPMI1640

medium containing 5 lg/ml Rhd 123 at 37�C in a humidified

atmosphere of 5% CO2 for 30 min to allow uptake. The cells

were then centrifuged, washed twice with PBS, and re-sus-

pended in fresh medium at 37�C in a humidified atmosphere

of 5% CO2 for 45 min. Green fluorescence, indicating cel-

lular Rhd 123 accumulation, was analyzed using a flow

cytometer (Becton Dickinson, San Jose, CA, USA).

Cytotoxicity assay

Cells were plated at a density of 5,000 cells per well in a

96-well plate. After culturing for 24 h, drug in various

concentrations was added to each well. Incubations were

continued for an additional 48 h, and then MTT (Sigma, St.

Louis, MO, USA) solution 15 ll (5 mg/ml) was added to

each well and the plates was further incubated for 4 h at

37�C. The absorbance in individual wells was determined

at 570 and 630 nm by a microplate reader (Bio-Tek, Ver-

non Hills, Illinois, USA). MTT assay is based on the

conversion of the yellow tetrazdium salt MTT to purple

formazan crystals by metabolically active cells. Thus, this

method provides a quantitative determination of viable

cells. The inhibition of cell growth was evaluated by the

MTT assay using triplicate assay. The concentrations

required to inhibit growth by 50% (IC50 values) were cal-

culated from cytotoxicity curves.

In vivo tumor model

Female Balb/c nude mice (6 weeks old), obtained from the

center for Experimental Animals in shanghai of China,

were maintained in a pathogen-free condition. The

GCSshRNA stably transfected cells were subcutaneously

injected into the back of nude mice with 5 9 106 cells per

injection. Meanwhile, the pSUPER.retro stably transfected

cells were also injected as controls. The formation of

subcutaneous tumors was monitored and measured with a

vernier caliper. The tumor volume formed was calculated

using the following formula 0.523 (L 9 W2), where L was

the length and W the width of tumor. After sacrificing the

mice, we dissected tumors from subcutaneous area and

immediately preserved in freezer for further analysis. The

rate of inhibition (IR) was calculated by the formula:

IR = 1 - [Mean tumor volume of experimental group/

Mean tumor volume of control group] 9 100%. Animal

Table 2 Primer sequences for semi-quantitative PCR

Genes Name and sequences

GCS Primer-S 50-ACCCGATTACACCTCATCTACA-30

Primer-R 50-ACTTTTTTACCACCTATGCCAA-30

MDR1 Primer-S 50-CCCATCATTGCAATAGCAGG-30

Primer-R 50-GTTCAAACTTCTGCTCCTGA-30

b-actin Primer-S 50-ACCCCCACTGAAAAAGATGA-30

Primer-R 50-ATCTTCAAACCTCCATGATG-30
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experiment was performed in accordance with institutional

policy for biomedical research in College of Medicine,

Shandong University.

Statistic analysis

The data are expressed as Mean ± standard deviation (SD)

and the statistical significance of differences was assessed

by one-way analysis of variance (ANOVA). Differences

were considered significant when P \ 0.05.

Results

Stable expression of GCSshRNAs in MCF-7/ADR cells

shRNAs targeting GCS were cloned into pSUPER.retro

vectors. The recombinant vectors were validated by restric-

tion enzyme digestion and the inserted sequences were veri-

fied by DNA sequencing. After transfection and selection, the

stably transfected cells were named as MA/PS1 (transfected

with pSUPER-GCSshRNA1), MA/PS2 (transfected with

pSUPER-GCSshRNA2) and MA/CON (transfected with

parental vector pSUPER.retro), respectively.

GCS and MDR1 expression efficiently suppressed

by pSUPER-GCSshRNAs in vitro

After GCSshRNA stably transfected cells (MA/PS1 and

MA/PS2) were generated, GCS and MDR1 expression in

both mRNA and protein levels were evaluated by RT-PCR

and Western blot analysis. In comparison with control cells,

the levels of GCS mRNA decreased 87.8 and 89.7% in MA/

PS1 and MA/PS2 cells, respectively (P \ 0.01; Fig. 1a).

The total protein levels of GCS were also reduced by 81.9

and 85.6% in both MA/PS cells, respectively (P \ 0.01;

Fig. 1b). Moreover, as shown in Fig. 2a and b, MDR1

mRNA expression was reduced by 79.7 and 82.8% and P-gp

(protein encoded by MDR1) decreased by 74.3 and 77.6% in

MA/PS1 and MA/PS2 cells, respectively (P \ 0.01). In

addition, no effects of RNAi were observed on the expres-

sion of b-actin used as an internal control. These results

suggest that GCSshRNA can efficiently downregulate GCS

and MDR1 mRNA as well as protein levels and can be used

to target GCS for breast cancer therapy.

Enhancing the accumulation of Rhodamine 123

in GCSshRNA transfected breast cancer cells

In order to evaluate whether GCSshRNA could inhibit the

function of P-gp, we conducted a Rhodamine 123 accu-

mulation test. The results revealed that the fluorescence

intensity of Rhodamine 123 was 2.5–2.6 fold higher in

MA/PS1 (59.1 ± 3.0%) and MA/PS2 cells (62.3 ± 2.7%)

than that of in MCF-7/ADR control cells (23.9 ± 1.1%,

P \ 0.05; Fig. 3). These data indicate that GCSshRNA

MCF-7/ADR MA/CON MA/PS1 MA/PS2 Marker

GCS 

-actin

A 

B 

GCS 

-actin

β

β

Fig. 1 GCS mRNA and protein expression in MCF-7/ADR cells and

stably transfected cells (MA/CON, MA/PS1 and MA/PS2 cells). a
Semi-quantitative RT-PCR showed that GCS mRNA expression

significantly reduced in MA/PS1 and MA/PS2 cells compared to

MCF-7/CON cells. b Western blot showing obviously reduced protein

levels of GCS in MA/PS1 and MA/PS2 cells. b-actin was used as an

internal normalization standard

MCF-7/ADR MA/CON MA/PS1 MA/PS2 Marker

-actin

MDR1 

A 

B 

P-gp 

-actinβ

β

Fig. 2 MDR1 mRNA and protein expression in MCF-7/ADR cells

and stably transfected cells (MA/CON, MA/PS1 and MA/PS2 cells).

a When compared to MA/CON cells, MDR1 mRNA in MA/PS1 and

MA/PS2 cells decreased by 79.7 and 82.8% respectively detected

by semi-quantitative RT-PCR (P \ 0.01). b The protein levels of

P-glycoprotein in MA/PS1 and MA/PS2 cells significantly reduced

by 74.3 and 77.6% respectively by Western blot analysis (P \ 0.01).

b-actin was considered as an internal normalization standard
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inhibited the cellular efflux function of P-gp, and thus may

be able to increase the intracellular accumulation of anti-

cancer drugs.

Reversal of multidrug resistance

by pSUPER-GCSshRNAs

To examine whether downregulation of GCS expression by

shRNAi constructs in stably transfected breast cancer cells

is able to change the sensitivity of anti-cancer drugs, we

compared the MA/PS and control cells after treating them

with vinblastin and paclitaxel. Cell viability was assessed

by comparison of IC50 values using MTT assay. As shown

in Table 3, the resistance factor to vinblastin was decreased

from 225 to 13.4- and 10.9, equivalent to a 16.8- and 20.6-

fold reduction of resistance for vinblastine in MA/PS1 and

MA/PS2 cells, respectively after normalization with con-

trols (P \ 0.01). Furthermore, the drug resistance to

paclitaxel was significantly dropped from 201 to 15.2- and

13.4, equivalent to a 13.2- and 15-fold reduction of resis-

tance for paclitaxel in MA/PS1 and MA/PS2 cells,

respectively (P \ 0.01). However, there was no difference

of drug resistance between MCF-7/ADR cells and MA/

CON cells after treatment with those anti-cancer drugs

(P [ 0.05). Taken together, these results indicate that

GCSshRNA may be able to reverse MDR in MCF-7/ADR

cells by down-regulating GCS expression.

Increased caspase-3 expression and activity

by shRNAi constructs

In mammalian cells, ceramide induces apoptosis directly

through effector caspases, such as caspase-3. To identify

whether an alteration in ceramide metabolism in MA/PS

cells is related to drug sensitivity via signal cascades, we

investigated caspase-3 expression by Western blot analysis

and examined caspase-3 activity on stably transfected cells

(MA/CON, MA/PS1 and MA/PS2). As shown in Fig. 4a,

caspase-3 expression in MA/PS cells increased dramati-

cally compared to MA/CON cells. In addition, caspase-3

activity in MA/PS1 and MA/PS2 cells was 27- and 31-fold

greater than that of in MA/CON cells (P \ 0.01; Fig. 4b).

The data demonstrate that suppressed GCS expression

permits cell to maintain high levels of ceramide, activating

caspase-3 for progression of apoptosis.

GCSshRNAs inhibit tumor growth in vivo

Since pSUPER-GCSshRNAs exhibited great GCS-sup-

pressive effect, we explored their possible effect in vivo by

injecting them into nude mice. As seen in Figs. 5 and 6,

compared to controls, tumor volume was greatly reduced in

mice treated with pSUPER-GCS shRNAs. The average

tumor volume of the control group (MA/CON) was

2,622 ± 411 mm3, while those of MA/PS1 and MA/PS2

group were 423 ± 65 and 361 ± 53 mm3, respectively.

MCF-7/ADR MA/CON MA/PSR1 MA/PSR2

R
h1

23
 f

lu
or

es
ce

nc
e 

in
te

ns
ity

0

10

20

30

40

60

50

70

80

Fig. 3 A graph representing the analysis of intracellular Rhodamine

123 fluorescence. Data presented are means ± SD from at least three

independent experiments. * P \ 0.05

Table 3 Effect of pSUPER.retro mediated RNAi on resistance to cytotoxic drugs in MCF-7/ADR cells

Cell IC50 (lM/l)

for vinblastin

Relative drug resistance

(reversal fold)

IC50 (ng/ml)

for paclitaxel

Relative drug resistance

(reversal fold)

MCF-7 1.02 ± 0.07 2.8 ± 1.3

MCF-7/ADR 230 ± 5.7 225 563.2 ± 163.1 201

MA/CON 226 ± 5.3 222 543.5 ± 155.7 194

MA/PS1 13.71 ± 2.8 13.44 42.6 ± 17.2 15.21

MA/PS2 11.13 ± 2.5 10.91 37.5 ± 15.1 13.39

The value of relative drug resistance was the IC50 of the treated cells relative to MCF-7. The reversal fold was calculated by comparing of IC50 of

stably transfected cells (MCF-7/ADR, MA/CON and MA/PS) for cytotoxic drugs to IC50 for MCF-7. The drug resistance is obviously reduced in

the cells treated with GCSshRNAs in comparison with MCF-7/ADR cells. However, there was no significant difference between MA/CON cells

and MCF-7/ADR cells (P [ 0.05)
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Thereby mice bearing tumor xenograft showed tumor

growth inhibition of 84 and 86%, respectively (P \ 0.01) in

response to pSUPER-GCSshRNA treatment. These findings

suggest that RNAi-mediated suppression of GCS expression

had strong inhibitory effects on MCF-7/ADR cells in vivo.

GCSshRNAs downregulate GCS and MDR1

expression in vivo

To investigate the significance of GCS downregulation in

vivo, we assessed GCS and MDR1 expression in tumor

tissues. As shown in Fig. 7a and b, RT-PCR and Western

blot demonstrated that treatment with pSUPER-

GCSshRNA1 and pSUPER-GCSshRNA2 resulted in 65.7–

71.8% GCSmRNA and 61.9–64.5% protein reduction

(P \ 0.05), respectively. Moreover, downregulation of

MDR1 expression by pSUPER-GCSshRNAs was observed

in MA/PS2 mouse group with 50.6% MDR1 and 47.9%

P-gp reduction (P \ 0.05), respectively (Fig. 8). These

data indicate that GCSshRNA inhibits the expression of

both GCS and MDR1 in vivo.

Discussion

Drug-resistance in breast cancer remains a major cause for

the failure of chemotherapy. Multiple factors and/or mech-

anisms may contribute the drug resistance such as increased

effect of drug efflux pump, alteration of drug transport and

MCF-7/ADR MA/CON MA/PS1 MA/PS2
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Fig. 4 Effect of GCSshRNA on the activation of caspase-3.

a Immunoblot of MCF-7/ADR cells and stably transfected cells (MA/

CON, MA/PS1 and MA/PS2 cells). The protein levels of caspase-3 in

MA/PS1 and MA/PS2 cells enhanced compared to MCF-7/CON cells.

Equal loading was confirmed by showing equal b-actin levels.

b Caspase-3 activity in MA/PS1 and MA/PS2 cells increased by

27- and 31-fold respectively in comparison with MA/CON cells.

** P \ 0.01

Fig. 5 Tumorigenicity of shRNA stably transfected cell clones in

xenograft model. Five mice were included in each group. Represen-

tative pictures of tumors in each group were shown. a MA/CON

group; b MA/PS1 group; c MA/PS2 group
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Fig. 6 Down-regulation of GCS expression inhibited tumor growth

in vivo. Tumor volume in the mice injected with stably expressing

GCSshRNA cells (MA/PS1 and MA/PS2) or stably expressing

pSUPER.retro cells (MA/CON). There was significant difference

between MA/PS mouse group and MA/CON mouse group.

** P \ 0.01
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metabolism, impaired function of repair after drug-induced

damage [22]. P-gp, the product of the MDR1 gene, plays an

important role in cancer chemotherapy and is the most

common mechanism for MDR in cancer cells [23].

Several reports have demonstrated an association

between GCS and MDR in multidrug-resistant cancer cells.

Accumulation of glucosylceramide and elevated GCS

activity is a characteristic finding [24, 25]. It has recently

been shown that, in breast cancer cells, drug resistance was

related to an enhanced expression of GCS secondary to an

increased capacity of ceramide glycosylation [26]. Several

studies have showed that GCS inhibition could enhance

chemotherapy response. PDMP (the specific inhibitor of

GCS) treatment has been shown to enhance the chemo-

sensitivity of MCF-7/ADR cells and P-gp overexpressing

MDA-MB-435 cells to vincristin and paclitaxel [27]. Liu

et al. [28] have demonstrated that GCS suppression by

antisense oligodeoxynucleotides reversed drug resistance

in human breast cancer cells. However, the effect induced

by antisense oligodeoxynucleotides is transient. Therefore,

by using a new retroviral pSUPER.retro vector system, we

successfully generated permanent cell lines that constitu-

tively express specific siRNA and examine if MDR in these

cells could be reversed. First, we successfully established

stably transfected cells MA/PS1, MA/PS2 and MA/CON.

GCS and MDR1 mRNA and protein levels were signifi-

cantly reduced in MA/PS1 and MA/PS2 cells compared to

MA/CON cells. In addition to reduced GCS expression,

these cells also demonstrated a significantly reduced level

of MDR1 and P-gp expression. The later resulted in an

abnormally high intracellular accumulation of Rhodamine

123 due to reduction of drug efflux. These molecular

a1 a2 a3 a4 a5

a1 a2 a3 a4 a5

b1 b2 b3 b4 b5

b1 b2 b3 b4 b5

c1 c2 c3 c4 c5
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B 
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GCS 

-actin

GCS 

-actin
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-actin

β

β

β

β

Fig. 7 Stable downregulation of GCS expression in nude mice.

a RNA samples extracted from tumors of per group were analyzed

using semi-quantitative RT-PCR for GCS mRNA expression. GCS

mRNA in MA/PS1 and MA/PS2 tumor tissues obviously reduced

65.7 and 71.8% respectively compared to MA/CON tumor tissues

(P \ 0.01). b Protein samples extracted from tumors of animals were

detected by Western blot analysis for GCS expression levels. The

level of GCS protein in MA/PS1 and MA/PS2 mice significantly

reduced by 61.9 and 64.5% compared to MA/CON mice (P \ 0.01).

b-actin was used as a loading control. a1–a5, mice in MA/CON

group; b1–b5, mice in MA/PS1 group; c1–c5, mice in MA/PS2 group

c1 c2 c3 c4 c5

A 

B 

P-gp 

-actin

P-gp 

-actin

MDR1 
-actin

M

a1 a2 a3 a4 a5

a1 a2 a3 a4 a5 c1 c2 c3 c4 c5
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β

Fig. 8 Stable downregulation of MDR1 expression in nude mice.

a Semi-quantitative RT-PCR showing reduced expression of MDR1

mRNA in MA/PS2 tumor tissues compared to MA/CON tumor

tissues. b Western blot analysis showing reduced protein levels of

P-glycoprotein in MA/PS2 tumor tissues. b-actin was used as an

internal normalization standard. a1–a5, mice in MA/CON group;

c1–c5, mice in MA/PS2 group
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changes in transfected breast cancer cells are considered

due to the reduction of P-gp expression on the cell surface

after shRNA mediated RNAi.

One of the significant findings of our work was that

suppressing GCS expression significantly inhibited the

expression of MDR1 and its product, P-gp. This effect can

be explained by the relationship among gangliosides, NF–

kB and MDR1. Previous studies showed that MDR1 pro-

moter can be activated by NF–kB. NF–kB complexes are

able to bind at a consensus NF–kB binding site in the first

intron of the human MDR1 gene and transactivate MDR1

promoter luciferase construct, thus regulate the MDR1

gene expression in cancer cells [29]. Gangliosides, syn-

thesized by glucosylceramide, are able to enhance MDR1

expression by activating NF–kB [30]. Therefore, the find-

ing of significantly suppressed MDR1 expression in our

study is likely due to the reduced level of GCS expression.

This is also supported by the work that high level of glu-

cosylceramide enhanced expression of MDR1 gene and

GCS inhibition down-regulated MDR1 expression in can-

cer cells [26]. Overall, our findings suggest that GCS plays

an important role in the expression and function of the

multidrug resistant phenotype.

Reduced level of GCS expression conveyed a significant

reversal of drug resistance. This was further supported by a

significant lower IC50 and resistance factor in transfected

breast cancer cells demonstrated in MTT assay. It is not

fully understood why reduced GCS expression resulted in a

reversed drug resistance. We speculate that it may be

related to an activated apoptosis pathway. This is supported

by the presence of increased caspase-3 activity in our

transfected breast cancer cells. Caspase-3 belongs to one of

the effector caspases in the stress-activated protein kinase

apoptotic signaling pathway, which can be activated by

ceramide in response to extracellular stimuli [31]. In this

study, the results demonstrate that shRNA targeting GCS is

able to activate caspase-3 activity in transfected breast

cancer cells. Therefore, the diminished capacity for cera-

mide glycosylation may promote cellular cytotoxicity via

ceramide-linked caspase-3 activation, which finally resul-

ted in reversed drug resistance.

After observing the reversal of drug resistance in vitro, we

further examined this phenomenon in a nude mice model. To

our knowledge, the present work is the first showing that

GCS suppression by RNAi is able to inhibit tumor growth

and down-regulate MDR1 expression in vivo. Compared to

the control group, tumors with reduced GCS level after

shRNA treatment showed a significantly reduced tumor size.

Several other studies other than in breast cancer showed a

similar effect. Deng et al. [32] demonstrated that transfec-

tion of GCS antisense inhibited melanoma growth in mice.

In addition, GCS inhibition using N-butyldeoxynojirimycin

delayed tumor development in a murine melanoma model

[33]. These findings in animal models indicate that GCS

inhibition could suppress cell proliferation, enhance apop-

tosis and inhibit tumor formation. In molecular level, MDR1

and P-gp were similarly reduced in tumor tissues in the study

group in comparison with control group. Our results in this

study demonstrate that GCSshRNA is able to efficiently

down-regulate GCS and MDR1 expression and thereby

reverse MDR in vivo.

In conclusion, the present study has demonstrated an

effective RNA technology based approach for suppression

of GCS and MDR1 gene both in vitro and in vivo to reverse

MDR in breast cancer. Our study provides a novel strategy

to enhance the chemotherapy sensitivity and ultimately

benefit the patients with breast cancer. In addition to tar-

geting GCS gene, simultaneously knock-down cell cycle-

regulating and apoptosis-related genes may provide a better

strategy for the management of various human cancers.
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22. Volm M, Kästel M, Mattern J et al (1993) Expression of resis-

tance factors (P-glycoprotein, glutathione S-transferase-pi, and

topoisomerase II) and their interrelationship to proto-oncogene

products in renal cell carcinomas. Cancer Cell 71:3981–3987

23. Marzolini C, Paus E, Buclin T et al (2004) Polymorphisms in

human MDR1 (P-glycoprotein): recent advances and clinical

relevance. Clin Pharmacol 75:13–33

24. Kok JW, Veldman RJ, Klappe K et al (2000) Differential

expression of sphingolipids in MRP1 overexpressing HT29 cells.

Int J Cancer 87:172–178

25. Nicholson KM, Quinn DM, Kellett GL et al (1999) Preferential

killing of multidrug-resistant KB cells by inhibitors of gluco-

sylceramide synthase. Br J Cancer 81:423–430

26. Gouazé-Andersson VYJ, Kreitenberg AJ et al (2007) Ceramide

and glucosylceramide upregulate expression of the multidrug

resistance gene MDR1 in cancer cells. Biochim Biophys Acta

1771:1407–1417

27. Shabbits JA, Mayer LD (2002) P-glycoprotein modulates cera-

mide-mediated sensitivity of human breast cancer cells to tubu-

lin-binding anticancer drugs. Mol Cancer Ther 1:205–213

28. Liu YY, Han TY, Giuliano AE et al (2000) Uncoupling ceramide

glycosylation by transfection of glucosylceramide synthase anti-

sense reverses adriamycin resistance. J Biol Chem 275:138–143

29. Bentires-Alj M, Barbu V, Fillet M et al (2003) NF-kappaB

transcription factor induces drug resistance through MDR1

expression in cancer cells. Oncogene 22:90–97

30. Kanto T, Kalinski P, Hunter OC et al (2001) Ceramide mediates

tumor-induced dendritic cell apoptosis. J Immunol 167:3773–

3784

31. Hara S, Nakashima S, Kiyono T et al (2004) Ceramide triggers

caspase activation during gamma-radiation-induced apoptosis of

human glioma cells lacking functional p53. Oncol Rep 12:119–

123

32. Deng W, Li R, Guerrera M et al (2002) Transfection of gluco-

sylceramide synthase antisense inhibits mouse melanoma for-

mation. Glycobiology 12:145–152

33. Guerrera M, Ladisch S (2003) N-butyldeoxynojirimycin inhibits

murine melanoma cell ganglioside metabolism and delays tumor

onset. Cancer Lett 201:31–40

Breast Cancer Res Treat (2010) 121:591–599 599

123


	Targeting glucosylceramide synthase downregulates expression  of the multidrug resistance gene MDR1 and sensitizes breast carcinoma cells to anticancer drugs
	Abstract
	Introduction
	Materials and methods
	Cell lines and culture conditions
	Recombinant vectors construction
	Transfection
	Immunoblot analysis
	RT-PCR
	Measurement of caspase-3 activity
	Flow cytometric analyses of P-gp function
	Cytotoxicity assay
	In vivo tumor model
	Statistic analysis

	Results
	Stable expression of GCSshRNAs in MCF-7/ADR cells
	GCS and MDR1 expression efficiently suppressed  by pSUPER-GCSshRNAs in vitro
	Enhancing the accumulation of Rhodamine 123  in GCSshRNA transfected breast cancer cells
	Reversal of multidrug resistance  by pSUPER-GCSshRNAs
	Increased caspase-3 expression and activity  by shRNAi constructs
	GCSshRNAs inhibit tumor growth in vivo
	GCSshRNAs downregulate GCS and MDR1  expression in vivo

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


