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ABSTRACT 

Objectives: Multi-drug resistance (MDR) to che- 
motherapy remains a major obstacle to over- 
come in the successful treatment of patients 
with cancers. It was recently discovered that Lep- 
tomycin B (LMB) reduces the paclitaxel-induced 
MDR in CCRF-CEM/Taxol cells. However, the me- 
chanism remains unclear. Here we sought to 
explore the mechanism of LMB to reduce the 
MDR induced by paclitaxel. Results: LMB has 
remarkable cytotoxic effects in both sensitive 
CCRF-CEM and resistant CCRF-CEM/Taxol cell 
lines. The paclitaxel-induced MDR was reduced 
by 0.013 μm of LMB. Lower concentration of LMB 
regulated cell cycle progress, in situ expressions 
of P-gp, MRP1, and LRP, expression of CRM1, and 
localization of P-gp and CRM1 in CCRF-CEM/ 
Taxol cells. Study Design: Cytotoxicity of LMB 
on cancerous cell lines was determined by MTT 
assay. Cell cycle progress and in situ expres- 
sions of P-gp, MRP1, and LRP were analyzed by 
flow cytometry. Expression of CRM1 in the cells 
was examined by Western blot. And co-locali- 
zation between P-gp and CRM1 was determined 
by laser confocal microscopy. Conclusion: The 
paclitaxel-induced MDR of CCRF CEM/Taxol cells 
was reduced by lower concentration of LMB. 
The mechanisms might be related to decreasing 
in situ expression of drug transporter proteins, 
promoting cell cycle progress, and altering co- 
localization between P-gp and CRM1 in the re-
sistant cells. 
 
Keywords: Leptomycin B; CCRF-CEM; Multi-Drug 
Resistance; CRM1; Paclitaxel 

1. INTRODUCTION 

Acquisition of multi-drug resistance (MDR) is the lea- 

ding cause of treatment failure in cancer therapy. MDR 
is, in large part, a story of drug transporters [1]. Multi- 
drug transporters extrude antitumor agents from the cells 
and promote MDR phenotypes in cancer cells, which are 
composed of primary active transporters and secondary 
active transporters. The primary transporters are repre- 
sented by the ATP-binding cassette (ABC) transporter 
super-family members energized by ATP hydrolysis, such 
as P-glycoprotein (P-gp), Multi-drug Resistance-related 
Protein 1 (MRP1), ect. The second class consists of sec- 
ondary active transporters, including the small MDR su- 
perfamily, the multidrug and toxic compound extrusion 
family, the resistance-nodulation-cell division family, and 
the major facilitator superfamily [2]. In addition, intra- 
cellular nuclear export of either tumor suppressive agents 
or drug targets (proteins, mRNAs, or DNAs) result in 
drug resistance due to overexpression of nucleo-cytopl- 
asmic transporters, including human major vault proteins, 
represented by Lung Resistance-related Protein (LRP) [3], 
and nuclear export signal (NES) mediated nuclear export 
proteins, represented by Chromosomal region maintena- 
nce 1 (CRM1) [4,5]. 

Acquired drug resistance can manifest in many ways: 
for example, cell signaling pathways can arrest cell cycle 
and delay apoptosis [6]; ATP binding cassette transporter 
drug efflux pumps can bind to and extrude chemothera- 
peutic drugs from cancer cells [2]; intracellular nuclear 
export of either antitumor agents or drug targets can re- 
sult in drug resistance [7]. In addition, the tumor micro- 
environment has been reported to be very hypoxic due to 
inadequate blood supply and subsequent oxygen dif- 
fusion. Hypoxic tumor cells are resistant to both radio- 
therapy and chemotherapy [8]. Since multi-drug resistant 
cancer cells present a direct resistance to chemotherapeu- 
tic drugs, exhibiting increased IC50 concentration to the 
drugs. Reversal effect of drug resistance was usually eva- 
luated using decreasing IC50 values of drug resistant can- 
cer cells [9]. 

Leptomycin B (LMB) is an unsaturated; branched- 
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chain fatty acid originated from Streptomyces sp., and 
was firstly discovered as an antifungal agent. Recently, 
some studies addressed that it can serve as a specific 
inhibitor of the substrates containing Nuclear Export 
Signal sequence (NESs) and block the molecules to ex-
port from nucleus, such as HIV-1 Rev protein and Rev- 
dependent mRNA [10,11], transcription factor E2F4 [12], 
Extra-cellular signal-Regulated Kinase 3 (ERK3) [13], 
p53 [14], Inhibitors of Apoptosis Proteins (IAPs) [15], 
and the Mad family protein Mad4 [16]. The suggested 
blocking mechanism has been identified as that LMB 
inhibits the cellular target CRM1 protein to bind with its 
substrates containing NESs and blocks the CRM1-de- 
pendent nuclear export of these molecules, which leads 
the substrates inactivation [17]. As a specific inhibitor, 
LMB covalently binds to the individual binding-domain 
sulphydryl group of Cys-529 in CRM1 via it’s α, β-un- 
saturated δ-lactone [11]. More recently, some studies 
reported that LMB exhibits antitumor activities by inhibi- 
ing nuclear export of topoisomerase Ⅱα in human mye-
loma cells, which enhances the cancerous cells sensitive 
to the topoisomerase Ⅱα-targeted anti-cancer drugs, such 
as etoposide (VP-16) [4,5]. Some other studies suggested 
that LMB also causes cell cycle G1 arrest [13] and in- 
duces apoptosis by sequestrating NES-containing p53 or 
BCR-ABL in the nucleus [14,18]. It was recently dis- 
covered by our studies for LMB to reduce paclitaxed- 
induced MDR of CCRF-CEM/Taxol cells. However, the 
mechanism remains unclear. 

Purpose of the present study was to explore the rever- 
sal effect of LMB on MDR induced by paclitaxel. By 
means of investigating the cytotoxicity of LMB on can- 
cerous cell lines and examining the cellular events cell 
cycle progress, in situ expression of drug transporter pro- 
tein P-gp, MRP1, and LRP, expression of CRM1, and 
colocalization between P-gp and CRM1 to explore the 
mechanisms of LMB for the effects. Results from the 
current study demonstrated that LMB reduces the can-
cerous MDR induced by paclitaxel and enhances the sen- 
sitivity of CCRF-CEM/Taxol cells to chemotherapeutic 
drugs. 

2. MATERIALS AND METHODS 

2.1. Antibodies 

Mouse primary monoclonal antibodies to P-gp, MRP1, 
and LRP were purchased from Sigma-Aldrich (St. Louis, 
USA). Rabbit primary polyclonal antibody to CRM1 and 
rabbit polyclonal antibody to β-actin (HRP) were from 
Abcam (Cambridge, UK). Mouse monoclonal antibody 
iso-type matched reagents and goat anti-mouse IgG (Fc 
specific) antibody conjugated with FITC were from Sig- 
ma-Aldrich. Goat anti-mouse IgG (H + L) Alexa Fluor® 
488 and goat anti-rabbit IgG (H + L) Alexa Fluor® 555 

were from Molecular probes (Eugene, USA). Horse-radish 
peroxidase (HRP) conjugated goat anti-rabbit IgG (H + L) 
was from SouthernBiotech (Birmingham, USA). 

2.2. Cell Culture 

Multi-drug resistant CCRF-CEM/Taxol cells induced 
by paclitaxel and its parental sensitive CCRF-CEM (Acute 
Lymphoblastic Leukemia, T-cell, Human) cells were main- 
tained in RPMI-1640 media supplemented with 10% (v/v) 
fetal bovine serum (FBS, from Biochrom, Berlin). The 
cancer cells were cultured in a humidified 5% CO2 /95% 
air incubator at 37˚C [19]. In order to sustain the drug re- 
sistance, CCRF-CEM/Taxol cells were kept in exposure 
to an indicated dosage of paclitaxel during the experiments. 

2.3. Cytotoxicity Assay 

Exponentially growing CCRF-CEM/Taxel and CCRF- 
CEM cells were harvested and seeded in 24-well plates 
at a density of 3 to 6 × 104 cells/500μl/well in complete 
medium. The first column of wells was exposed to DMSO 
as negative control. The other 5 columns of wells were 
exposed to different concentration of LMB or chemo- 
therapeutic drugs as testing groups. The antiproliferative 
effect of the drugs was evaluated after 48 hrs by MTT 
Assay. All the studies were conducted in triplicate for 
each sample concentration. 

Drug resistance of CCRF-CEM/Taxol cells was evalu- 
ated using the resistance fold calculated by the ratio of 
IC50 values of resistant cells versus that of its parental 
sensitive CCRF-CEM cells. 

For examination of the effects of LMB on the pacli- 
taxel-induced MDR of CCRF-CEM/Taxol cells, the cells 
were exposed to different concentration of chemothera- 
peutic drugs simultaneously with a lower concentration 
of LMB. The effects were evaluated using decreasing the 
resistance folds of CCRF-CEM/Taxol cells to different 
chemotherapeutic drugs. 

2.4. Flow Cytometry Analysis 

To quantitatively assess in situ expression of the drug 
transporter proteins in CCRF-CEM and CCRF-CEM/Taxol 
cells, the cells were harvested and fixed with 2% for- 
maldehyde in PBS at room temperature for 10 min, washed 
with PBS (containing saponin:BSA:sodium azide = 
0.04%:0.1%:0.01%) twice, then were incubated with mouse 
primary monoclonal antibodies to P-gp, MRP1 and LRP, 
respectively. Washed with PBS (containing 0.04% saponin) 
twice, the cells were incubated with goat anti-mouse IgG 
(FITC) and washed with PBS in presence of saponin 
twice and in absence of saponin once prior to be fixed in 
1% paraformaldehyde. To account for nonspecific back- 
ground fluorescence, cells were incubated with murine 
IgG1 antibody as control and backgro-0 und fluorescence 
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intensity was subtracted from specific signals [20,21]. 
The flow cytometry analysis was performed on a FAC-
SCalibur with CellQuest Pro v5.2.1. (Becton Dickinson). 
All the studies were conducted in triplicate. 

For assessment of P-gp expression on the membrane 
of CCRF-CEM and CCRF-CEM/Taxol cells, the cells 
were processed according to the method described above 
just in absent of saponin. 

For cell cycle analysis, CCRF-CEM/Taxol cells were 
treated with LMB as testing groups paralleled with un- 
treated CCRF-CEM/Taxol cells as positive control and 
with CCRF-CEM cells as negative control, respectively. 
Cell cycle analyses were carried out after the cells were 
synchronized and cultured for 48 h. The cell populations 
were fixed in 70% of ice-cold ethyl alcohol for 3 h, 
treated with 5 u/μl of RNase H solution at 37˚C for 30 
min, stained with 50 μg/ml of propidium iodide for 15 
min, and then subjected to flow cytometry with a FAC-
Scan flow cytometer (Becton Dickinson). 10,000 events 
were collected from each sample. Data acquisition was 
carried out using Cell-Quest software and cell cycle dis-
tribution calculated using the ModFit LT 3.0 (Verity 
Software House, ME, USA) analysis software [22]. 

2.5. Western Blot Analysis 

To explore the expression of CRM1 affected by lower 
concentration of LMB in CCRF-CEM/Taxol cells, the 
cells were treated with 0.013 and 0.015 μm of LMB and 
compared to CCRF-CEM cells as negative control and 
CCRF-CEM/Taxol cells as positive control. The whole 
cell lysates were prepared from both CCRF-CEM and 
CCRF-CEM/Taxol cell line cancerous cells. The protein 
concentration of lysates was determined with 2-D Quant 
Kit (Amersham Biosciences), and 30 μg proteins were 
applied to a 10% SDS-polyacrylamide gel and electro- 
phoresed for 90 min at 100 V. The protein was then 
transferred to nitrocellulose membrane (Millipore). After 
blocking with 5% of skimmed milk in PBST (PBS-0.2% 
Tween 20) overnight at 4˚C, the membranes were incu- 
bated together with rabbit primary antibodies to CRM1 
for 3 hrs at 37˚C. HRP-conjugated goat anti-rabbit IgG 
(HRP) served as the secondary antibody. The membranes 
were briefly incubated with enhanced ECL detection 
reagent (SuperECL Plus, Applygen Technolgies Inc.) to 
visualize the protein and exposed to an X-ray film. β-ac- 
tin served as the internal control. Density of plot on lanes 
was quantified using Image J software (version 1.33). 

2.6. Confocal Microscopy Analysis 

For confocal analysis to visualize the effect of LMB 
on intracellular localization of CRM1 and P-gp in CCRF- 
CEM/Taxol cells, the cells and negative CCRF-CEM 
cells were grown in phenol red-free RPMI-1640 media 

for 48 hrs and fixed with 70% ethanol for 15 min at room 
temperature, permeated with 0.04% saponin for 5 mins, 
then reacted with mouse monoclonal primary antibody to 
P-gp and rabbit polyclonal primary antibody to CRM1 
for 2 hrs at 37˚C. The cells were stained by goat anti- 
mouse IgG conjugated with Alexa Fluor 488 (green, 
Molecular Probes) and goat anti-rabbit IgG conjugated 
with Alexa Fluro 555 (red, Molecular Probes), then were 
mounted with DAPI (blue) to detect nucleus. Confocal 
microscopy was performed on a Zeiss LSM 510 META 
system (60 × oil-immersion objectives) equipped with a 
150 Mw Omnichrome Ar-Kr laser exciting at 488 nm 
and 555 nm. Images were captured using Carl Zeiss La- 
ser Scanning Microscope LSM 510 Release (Version 4.2). 

2.7. Statistic Analyses 

Statistical analysis in this study were carried out with 
OriginPro 8 SR0 (v. 8.0724) software. The cell fraction 
of cell cycle progression and in situ expression of the 
drug transporter proteins were evaluated by 2-way ANOVA 
followed by Student’s t-test. Differences with P values of 
less than 0.05 were considered to be statistically signifi- 
cant. 

3. RESULTS 

3.1. Cytotoxic Effects of LMB 

To determine the cytotoxicity of LMB, CCRF-CEM/ 
Taxol and CCRF-CEM cells were treated with different 
concentration of LMB. The antiproliferative effect of 
LMB was observed after treating the cells with LMB for 
48 hrs (Figure 1(A)). LMB reduced the proliferation of 
CCRF-CEM and CCRF-CEM/Taxol cells in a concentra- 
tion-dependent manner. The remarkable effects were ob- 
served at the concentration range from 0.015 to 8.1 μm in 
CCRF-CEM cells and 0.15 to 39.38 μm in CCRF-CEM/ 
Taxol cells. IC50 values of CCRF-CEM/Taxol cell lines 
are 2.38 μm and that of CCRF-CEM cells is 1.36 μm. 
The results demonstrated that CCRF-CEM cells are sus-
ceptible to LMB more than CCRF-CEM/Taxol cells. 
0.013 μm is 0.0054-fold of the IC50 concentration of 
CCRF-CEM/Taxol cells and 0.01-fold of CCRF-CEM 
cells, respectively. It can not significantly impact the 
viability of CCRF-CEM/Taxol cells. Thus the reversing 
MDR effects of LMB were explored at this concentration 
in the subsequent studies. 

3.2. Effects of LMB on Paclitaxel-Induce 
MDR 

CCRF-CEM/Taxol cells are resistant to paclitaxel, vi- 
nblastin, and daunorubicin simultaneously. Treatment with 
0.013 μm of LMB for 48 hrs decreased the drug resistance 
of CCRF-CEM/Taxel cells to paclitaxel from 250.5- to 
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125.1-fold (at 50.06%) (Figure 1(B,b), to vinblastin 
from 2.03- to 1.83-fold (at 9.8%) (Figure 1(C,a), and to 
daunorubincin from 8.93- to 7.93-fold (at 11.2%) (Fig- 
ure 1(C,b). However, it was observed that treatment 
with different concentration (0.0065, 0.013, 0.065, and 

0.13 μm) of LMB result in no significant impact on the 
IC50 values of CCRF-CEM cells to paclitaxel (Figure 
1(B, a)). The results suggested that LMB only enhances 
susceptibility of CCRF-CEM/Taxol cells to chemothera- 
peutic drugs, but it does not affect CCRF-CEM cells. 
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Figure 1. Cytotoxicity assays of CCRF-CEM/Taxol and CCRF-CEM cells. Cells were exposed to different 
concentration of LMB (0.063 - 39.38 μm and 0.013 - 8.1 μm, respectively) for 48 hrs (A). Different concen-
tration of LMB does not significantly impact the IC50 values of CCRF-CEM cells to paclitaxel (B, a). 0.013 
μm of LMB rendered CCRF-CEM/Taxol cells with reduced MDR to Paclitaxel (B, b). Daunorubicin (C, a) 
and Vinblastin (C, b). Results are expressed as the average of three separate repeats. Points, means; bars, SD. 
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3.3. Effects of LMB on Cell Cycle  

Progression 

To examine the effects of LMB on cell cycle progress- 
sion, flow cytometric analysis was performed. Compared 
to CCRF-CEM cells, the amount of G0/G1 and G2/M 
phase cells of CCRF-CEM/Taxol are larger, and the amount 
of S phase and apoptosis cells are lesser (Figure 2). 
CCRF-CEM/Taxol cells showed a pronounced G0/G1 
phase arrest and released more cells into G2/M phase 
with showing a significant decrease in apoptotic cells (P < 
0.05). Treatment with 0.013 μm and 0.065 μm of LMB 
significantly reduced the amount of G0/G1 and G2/M 
phase cells and significantly enhanced the amount of S 
phase and apoptosis cells of CCRF-CEM/T/axol (P < 
0.05), wich made the cell cycle progression of CCRF- 
CEM/Taxol cells similar to that of CCRF-CEM cells. 

3.4. Effects of LMB on Expression of CRM1 

The effect of LMB treatment to enhance the expres- 
sion of CRM1 in CCRF-CEM/Taxol cells was determined 
at the protein level, using Western blotting on protein 
extracts from LMB treated CCRF-CEM/Taxol cells 
compared to CCRF-CEM cells as negative control. CRM1 
in CCRF-CEM/Taxol cells was found to be expressed at  

lower level compared to that in CCRF-CEM cells, as de- 
monstrated in Figure 3(c). Treatment with lower con- 
centration of LMB clearly enhanced CRM1 expression in 
CCRF-CEM/Taxol cells at protein level confirming the 
results above by the Confocal Microscopy assay (Figure 
3(a)). Although the Western blots suggested a variable 
degree of CRM1 expression after LMB treatment, the 
LMB treated CCRF-CEM/Taxol cells demonstrated higher 
protein levels of CRM1 compared to untreated CCRF- 
CEM/Taxol cells (Figure 3(c)). 

3.5. Effects of LMB on in Situ Expression of 
Drug Transporter Proteins 

Quantitative analysis of immnofluorescence staining 
by flow cytometry revealed that drug transporter proteins 
P-gp, MRP1, and LRP were expressed in both CCRF- 
CEM/Taxol and CCRF-CEM cells. CCRF-CEM/Taxol 
cells expressed high levels of the three proteins at 15.4- 
fold to P-gp, 3.08-fold to MRP1, and 2.19-fold to LRP 
compared to CCRF-CEM cells (Figure 4). All the three 
proteins in situ expression in CCRF-CEM/Taxol cells 
were decreased by 0.013 μm of LMB at 32.86% to P-gp, 
34.66% to MRP1, and 35.96% to LRP compared to un- 
treated CCRF-CEM/Taxol cells (Figure 4(b)). 
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Figure 2. Cell cycle analysis of CCRF-CEM/Taxel cells treated with LMB. 0.013 μm and 0.065 μm of 
LMB interferes cell cycle arrest in G0/G1 phase and releases cells into S-phase, enhanced cancerous 
cells apoptosis in CCRF-CEM/Taxol cells, which was demonstrated by Flow cytometry assay (a) and  
Cell fraction-phases histogram (b). Columns, means; bars, SD; *P < 0.05 (t test), compared to CCRF- 
CEM cells; #P < 0.05 (t test), compared to CCRF-CEM/Taxol cells. 
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(a) 

 
(b) 

 
(c) 

Figure 3. Expression of CRM1 in CCRF-CEM/Taxol cells. The protein level of CRM1 in LMB treated CCRF-CEM/Taxol cells 
compared to controls were analyzed using confocal microscopy assay (a) and western blots assay (b). Densitometry analysis was 
shown by Histogram (c). Scale bars, 10 μm. 

 
3.6. Effects of LMB on Localization of P-gp 

and CRM1 

To further clarify the effect of LMB on P-gp, the ex- 
pression and distribution of P-gp in CCRF-CEM/Taxol 
cells were determined following 48 and 96 h of LMB 
exposure. Flow cytometry analysis revealed that CCRF-  

CEM/Taxol cells expressed significantly higher level of 
P-gp at total cellular amount and on membrane compared 
to CCRF-CEM cells (Figure 5(b)). The surface P-gp was 
decreased in LMB treated CCRF-CEM/Taxol cells com- 
pared to the untreated CCRF-CEM/Taxol cells (Figure 
5(b)). The results were confirmed by the Confocal mi-
croscopy analysis (Figure 5(a)). 
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Figure 4. In situ expression of drug transporter protein P-gp, MRP1, and LRP in CCRF-CEM/taxol cells. CCRF-CEM/ 
Taxol cells expressed the three proteins at higher level compared to CCRF-CEM cells. Decreased levels of the proteins in-
duced by 0.013 μm of LMB were demonstrated using Flow cytometry assay (a) and Statistic histogram. The experiments 
were performed in triplicate (b). Filled profiles, fluorescence density of primary mAbs; open profiles, fluorescence density 
of iso-type matched monoclonal antibodies; Columns, means; bars, SD; *P < 0.05 (t test), compared to CCRF-CEM cells. 
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Figure 5. Localization and in situ expression of P-gp in CCRF-CEM/Taxol cells. Lower concentraton of LMB decreases the surface 
P-gp level and increases the cytoplasmic P-gp level in CCRF-CEM/Taxol cells in a time-dependent manner, compared to untreated 
CCRF-CEM/Taxol cells control. The results were demonstrated by Laser confocal microscopy assay (a) and Flow cytometry assay 
(b). Scale bar, 10 μm; Filled profiles, fluorescence density of primary mAb; open profiles, fluorescence density of iso-type matched 
monoclonal antibodies to primary mAbs. Scale bars, 10 μm. 

 
Colocalization studies between P-gp and CRM1 for 

intracellular compartments were performed to investigate 
whether sequestration plays a role in any of the drug re- 
sistance phenotypes. The stronger colocalization was ob- 
served between P-gp and CRM1 in cytoplasm of CCRF- 
CEM cells (Figure 6(d)). No significant overlap was ob- 
served between the two proteins in CCRF-CEM/Taxol 
cells, indicating that the localization of CRM1 in cyto- 
plasm of the cells was reduced by Paclitaxel treatment. 
Although 0.013 and 0.015 μm of LMB enhanced the 
expression of CRM1, co-localization between P-gp and 
CRM1 in cytoplasm of CCRF-CEM/Taxol cells is still 
no significant (Figures 6(h), (l), (p)). 

4. DISCUSSION 

Multi-drug resistance to chemotherapy remains a ma- 
jor obstacle to overcome in the successful treatment of 
patients with cancers. Due to the inherent side effect of 
many therapeutic drugs, the resistance presented by can- 
cerous cells cannot be overcome by simply increasing 
doses to cancer targets. Many anticancer drugs have a  

steep dose-toxicity curve. Therefore, changes in the doses 
of drugs will likely have significant impacts on the clinical 
responses to drug treatments. 

Leptomycin B (LMB) was originated from the actin- 
omycetes of Streptomyces. It was reported as a cytotoxic 
agent inducing cell apoptosis [23]. The conclusion sup-
ported by data achieved from our studies was that 2.38 
and 1.36 μm of LMB induced 50% of CCRF-CEM/Taxol 
and CCRF-CEM cells to death, respectively. Chemo- 
therapeutic drug sensitive CCRF-CEM cells treated by 
paclitaxel became multi-drug resistant CCRF-CEM/Taxol 
cells, showing resistance to different chemotherapeutic 
drugs simultaneously. Lower concentration (0.013 μm) of 
LMB cannot impact the viabilities of CCRF-CEM/Taxol 
cells; however, it can enhance the responsibility of 
CCRF-CEM/Taxol cells to paclitaxel at 56.43%, daun- 
orubicin at 11.2%, and vinblastin at 9.8% (Figures 1(C), 
6(d), (e)). As the MTT results alone cannot be used as a 
direct evidence of reversing MDR of CCRF-CEM/Taxol 
cells, we determined the effects of LMB on in situ ex- 
pression of three drug transporter proteins (P-gp, MRP1,  
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Figure 6. Colocalization of CRM1 with P-gp in CCRF-CEM/Taxol cells. Confocal analysis of the expression, distribution, and over-
lapping of P-gp (green; (a), (e), (i), (m)) and CRM1 (red; (b), (f), (j), (n)) is shown for 0.013 and 0.065 μm of LMB treatment in 
CCRF-CEM/Taxol cells. The yellowish color represents colocalization, or a very similar distribution of the two proteins. The nuclei 
were stained with DAPI (blue; (c), (g), (k), (o)). Imagines are representative of three independent experiments. Scale bars, 10 μm. 

 
and LRP) and expression of nuclear export protein CRM1, 
cell cycle progression, colocalization between P-gp and 
CRM1 in the resistant cells. 

Increasing drug efflux predominantly via ATP-driven 
extrusion pumps frequently of the ATP-banding cassette 
(ABC) superfamily may be the major of modalities of 
chemotherapeutic drug resistance. P-glycoprotein (P-gp) 
and multi-drug resistance protein 1 (MRP1) belong to the 
ABC superfamily members. Lung cancer resistance-rel- 
ated protein (LRP) is not the member of ABC transporter 
proteins. LRP corresponds to the human major cytoplas- 
mic vault protein composed of 4 proteins and one small 
RNA molecule, which have been hypothesized to be in- 
volved in nucleo-cytoplasmic transport of drugs [3,24]. 
These pumps significantly decrease the intracellular con-  

centration of a multitude of endogenous and exogenous 
cytotoxic agents, thereby resulting the cancer cells in MDR 
[25-27]. Higher the proteins expression was found to be 
strongly correlation with intrinsic resistance to chemo- 
therapeutic drugs. In the present study, the three proteins 
expression level were detected in LMB-treated and un- 
treated CCRF-CEM/Taxol cells. The established paclita- 
xel-induced CCRF-CEM/Taxol cells had higher level of 
the proteins than its parental CCRF-CEM cells, and its 
MDR to drugs induced by paclitaxel in the cell viability 
assay (Figure 1(B)) was more pronounced than its pa-
rental CCRF-CEM cells. 0.013 and 0.065 μm of LMB 
did not appear to totally reverse the paclitaxel-induced 
MDR of CCRF-CEM/Taxol cells since the concentrati- 
ons of LMB could not decrease the in situ expression of  
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all three drug transporter proteins to their base level in 
CCRF-CEM cells. 

The P-gp localizing on cell membrane plays a role of 
drug efflux pump, which directly contributes to export of 
chemotherapeutic drugs from cancerous cells, which is 
responsible for MDR phenotype of cancerous cells, in 
spite of the chemotherapeutic drugs are a wide variety of 
structurally and functionally unrelated with cytotoxicity 
[28]. 0.013 μm of LMB decreased P-gp on membrane 
and increased P-gp in cytoplasm of CCRF-CEM/Taxol 
cells in a time-dependent manner (Figure 5(b)). The 
present work indicates that lower concentration of LMB 
in CCRF-CEM/Taxol cells induces a mobilization of P-gp 
to cytoplasm from the membrane. 

Another possible mechanism for LMB-mediated MDR 
is the regulation of cell cycle progression. CRM1 is the 
major cellular target of LMB, a nuclear protein that shut- 
tles between nucleus and cytoplasm as a nuclear-cytopl- 
asmic transporter for a NES-mediated nuclear export 
pathway [11,29,30]. On the other hand, CRM1 inacti- 
vates one or more components of the pocket protein G1 
arrest pathway. CRM1-dependent nuclear export regu-
lates the G1 arrest function of E2F4 and E2F5. Over-ex- 
pression of CRM1 prevents cell cycle G1 arrest by an 
E2F4-dependent process [12]. In the present study, ex- 
pression and localization of CRM1 was detected. CCRF- 
CEM/Taxol cells expressed lower level of CRM1 than 
CCRF-CEM cells (Figure 3). Using flow cytometry analy- 
sis of synchronized cells, we showed that significant 
blockage of S-phase entry (cell cycle G1 arrest) and lower 
apoptosis are observed in the paclitaxel-induced drug 
resistant CCRF-CEM/Taxel cells (Figure 2). After ex-
posure to 0.013 and 0.065 μm of LMB for 48 h, G0/G1 
arrest of CCRF-CEM/Taxel cells was inefficiently main-
tained; allowing progression of G0/G1 phase cells into 
S-phase, and more apoptosis was induced. We assumed 
that CCRF-CEM/Taxol cells expressed lower level of cy- 
toplasmic CRM1 (Figures 3(a), 6(f), (g), (n)) might be 
resulted from its sequestration in nuclear to prevent sin- 
gle DNA double-strand from breakage in G2 phase. Fur- 
ther studies are required to discern the effective roles of 
CRM1 in the paclitaxel-induced MDR. 

Colocalization between CRM1 and P-gp was observed 
in chemotherapeutic drug sensitive CCRF-CEM cells. No 
significant overlap of the two proteins occurred in pacli- 
taxel-induced drug resistant CCRF-CEM/Taxol cells. Fur- 
ther studies will be carrying out to explore the mecha- 
nism of colocalization between CRM1 and P-gp in MDR 
phenotype. 

In summary, we detected LMB cytotoxicity in can- 
cerous cell lines and the effects of LMB on in situ ex- 
pression of three and expression of one drug transporter 
proteins, cell cycle progression, and colocalization be- 
tween P-gp and CRM1 in drug sensitive CCRF-CEM 

cells and paclitaxel-induced drug resistant CCRF-CEM/ 
Taxol cells. Our data demonstrated that LMB reduces pa- 
clitaxel-induced MDR and enhances susceptibility of 
drug resistant CCRF-CEM/Taxol cells to chemotherapeu- 
tic drugs. The present work indicates that LMB renders 
CCRF-CEM/Taxol cells with decreased MDR to pacli-
taxel, vinblastin and daunorubicin. We are confident that 
the effect of LMB is most likely related to decreasing in 
situ expression level of drug transporter proteins P-gp, 
MRP1, and LRP, regulating cell cycle progression, and 
altering the localization between P-gp and CRM1 proteins 
in CCRF-CEM/Taxol cells. 
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