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Abstract

We have previously demonstrated that the CCR9/CCL25 signaling pathway plays an important role in drug resistance in
human acute T-lymphocytic leukemia (T-ALL) by inducing activation of ERM protein with polarized distribution in T-ALL cell
line MOLT4. However, the mechanism of action of the activated ERM protein in the drug resistance of MOLT4 cells induced
by CCL25 remains uncharacterized. Here we investigated the mechanism of CCR9/CCL25-initiated drug resistance in CCR9-
high-expressing T-ALL cells. Our results showed that 1) the function of P-gp was increased after treatment with CCL25; 2) P-
gp colocalized and co-immunoprecipitated with p-ERM and F-actin in CCL25 treated cells; and 3) ERM-shRNA conferred
drug sensitivity coincident with release of ERM interactions with P-gp and F-actin after treatment with CCL25. These data
suggest it is pivotal that P-gp associate with the F-actin cytoskeleton through p-ERM in CCR9/CCL25 induced multidrug
resistance of T-ALL cells. Strategies aimed at inhibiting P-gp-F-actin cytoskeleton association may be helpful in increasing
the efficiency of therapies in T-ALL.
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Introduction

Acute T lymphoblastic leukemia (T-ALL) is a hematologic

malignancy occurring mostly in children with poor prognosis

[1,2]. Resistance to anticancer drugs is an important cause of

treatment failure in T-ALL. Therefore, circumventing drug

resistance is likely to improve chemotherapy efficacy.

One of the major clinical obstacles in the treatment of

hematologic malignancies is multidrug resistance (MDR). Classical

MDR is the consequence of overexpression of transporter proteins,

which belong to the family of ATP binding cassette (ABC) protein

pumps and include P-glycoprotein (P-gp) and MDR related

proteins. These proteins function to extrude the antitumor agents

from the cytoplasm such that the multidrug resistant cells

characteristically exhibit reduced levels of intracellular accumula-

tion of drugs and show reduced cytotoxicity when compared with

the parental cells [3]. Human P-gp, which is encoded by the

MDR1 gene and represents a 170 kDa glycosylated integral

plasma membrane protein, plays a major role in causing MDR in

leukemia cells [4]. It is reported that the expression and polarized

distribution of P-gp are involved in its extrusion function [5,6].

Ezrin/radixin/moesin (ERM) protein family, which cross-links

actin filaments with plasma membrane proteins, is involved in the

organization of the cytoskeleton. ERM proteins are highly

expressed and exhibit different intracellular localizations in various

malignant tumors [7]. Interaction between plasma membrane

molecules and cytoskeleton may play an essential role in

membrane trafficking, signal transduction and various cellular

functions, including cell motility and apoptosis [8–11]. Some

evidence suggests that the actin-filament association with a variety

of cellular proteins is mediated by ERM proteins [8]. There is also

growing evidence that the cytoskeleton functions intimately in the

P-gp-mediated MDR [12,13]. Notably, the MDR pumps are

usually localized at polarized sites of epithelial cells together with

some membrane proteins [14]. The polarization of these proteins

depends on the distribution of the cytoskeleton, as well as on the

interaction of the pump-associated proteins with the actin

cytoskeleton through ERM proteins [15].

CCR9, a member of G protein-coupled receptors, is crucial in

T-cell development and for tissue-specific homing of T cells upon

binding to its specific ligand CCL25 [16]. CCR9 is highly

expressed in MOLT4 cells, a T-ALL cell line. Our previous studies

showed that CCL25 can induce chemotherapeutic drug resistance

in T-ALL [17] and that CCL25 can effectively induce polarization

of MOLT4 cells with redistribution of ERM proteins after

activation [7]. Herein, using the MOLT4 cells as a model, we

investigate the potential interactions between P-gp and actin

cytoskeleton through activated ERM proteins and the role of these

interactions in CCR9/CCL25 mediated MDR in MOLT4 cells.

Specifically, we aim to determine, in MOLT4 cells treated with

CCL25, (a) the functions of P-gp; (b) the cellular distribution of

and potential interactions among P-gp, ERM proteins, and F-
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actin; and (c) the effect of ERM-shRNA on susceptibility to drug-

mediated cytotoxicity, drug efflux, and localization of P-gp, as well

as the interaction with F-actin. Our results revealed that (1) the

function of P-gp was enhanced after treatment with CCL25, (2) P-

gp polarized, colocalized, and co-immunoprecipitated with p-

ERM and F-actin in CCL25 treated cells, and (3) treatment with

ERM-shRNA induced drug susceptibility, and P-gp molecule

redistribution and dissociation from F-actin. These data suggest

that P-gp association with the F-actin cytoskeleton through the

activated ERM proteins is pivotal in CCR9/CCL25 induced

MDR in MOLT4 T-ALL cells. Interference of the interactions

between the P-gp and F-actin cytoskeleton may hold potential for

T-ALL therapy.

Materials and Methods

Cell lines and cell culture
Human acute lymphoblastic leukaemia cell line MOLT4 (which

naturally express high levels of CCR9) was obtained from ATCC

and cultured in RPMI 1640 medium (Hyclone, USA) supple-

mented with 10% FBS (Gibco, USA), penicillin (100 U/ml) and

streptomycin (100 mg/ml). The doxorubicin (DOX)-resistant

MOLT4 cells (MR) were developed by exposing the parental

MOLT4 cells, stepwise, to increasing concentrations of DOX

according to the reported protocol [18]. Reselection of the

resistant cell line was performed twice a week by exposure to 1 mg/

ml DOX.

All cells were cultured in a humidified incubator at 37uC with

5% CO2. Only cells in the logarithmic phase of growth were used

for experiments. The MR cells were maintained without DOX for

at least 48 h before the experiments.

Evaluation of P-gp functions
Accumulation and efflux experiments were conducted to assess

the functions of P-gp. Briefly, cells (16106) were cultured in drug-

free medium for 24 h prior to analysis. On the following day, cells

were washed with PBS, incubated with 100 ng/ml CCL25 (R&D

System) or anti-CCR9 Ab (Abcam, UK) and CCL25, and then

treated with or without verapamil (VRP, Sigma, USA) for 1 h

before treatment with 0. 5 mg/ml DOX or 2 mM Rhodamine123

(Rh123). In accumulation experiments, cells were washed twice in

ice-cold PBS and analyzed by flow cytometry and/or laser

scanning confocal microscopy (LSCM) immediately after the

above-mentioned treatments. In the efflux experiments, cells were

cultured in a drug-free medium for 1 h. The amount of remaining

intracellular drug accumulation was detected by flow cytometry

(FCM). This indirectly reflected the drug effluxing role of P-gp.

RNA preparation and reverse transcriptase polymerase
chain reaction (RT-PCR)

Total RNA was isolated from control or treated MOLT4 cells

using TRIZOL Reagent (Invitrogen, Merelbeke, Belgium) ac-

cording to the manufacturer’s instructions. The concentration and

purity of total RNA were determined using spectrophotometry.

RT was carried out with 500 ng of total RNA from each sample

using the RNA PCR Kit (TaKaRa Biotechnology Co., Ltd.). The

investigated mRNAs included those coding for P-gp, ezrin,

radixin, moesin, and GAPDH (primer information and PCR

conditions are listed in Table 1). PCR products (10 ml) were

separated on 3% agarose gels, and the gel imaging system (Vilber

Lourma, France) was used to scan the gel and quantify the levels of

expression. Amplification of GAPDH was used as the control.

SDS-PAGE and Western Blot Analysis
MOLT4 cells were treated with 100 ng/ml of CCL25 for

10 min. MR cells and untreated MOLT4 cells were used as

controls. Whole cell lysate was prepared by lysing the cells in the

modified RIPA (radioimmunoprecipitation assay) buffer (0.1%

SDS, 1% sodium deoxycholate, 1% NP-40, 150 mM NaCl,

50 mM Tris-HCl pH 7.5 and a cocktail of protease inhibitors)

followed by centrifugation at 12,000 g for 15 min. Subsequently,

40 mg of total proteins in the supernatant was separated by 10%

SDS polyacrylamide gel electrophoresis after protein concentra-

tions were determined by BCA protein assay kit (Beyotime,

China). Separated proteins were transferred to Polyvinylidene

Fluoride membranes (Schleicher and Schuell, Dassel, Germany),

which were incubated in blocking buffer (5% nonfat milk dissolved

in Tris-buffered saline and 0.1% Tween-20) for 1 h at room

temperature. After blocking, membranes were incubated with

primary Abs against P-gp, or beta-actin overnight at 4uC. Then,

membranes were washed with TBST buffer (0.1% Tween-20 in

TBS buffer) for six times. After washing, membranes were

incubated with HRP-conjugated goat anti-mouse IgG Ab

(1:5000) for 1 h at room temperature. Following incubation,

membranes were washed six times with TBST buffer. Signals were

detected using enhanced chemiluminescence detection reagents

following the manufacturer’s instructions. Band intensity was

measured by densitometry using the Quantity One software (Bio-

Rad, Hercules, CA) by normalizing to the corresponding beta-

actin levels. The western blot analysis was repeated twice.

Flow cytometry (FCM)
MOLT4 cells were pretreated with or without 100 ng/ml of

CCL25 for 10 min. MR cells were used as the positive control.

Cells were then incubated with PE-labelled anti-P-gp Ab

(eBioscience, USA) at 5 mg/ml in PBS for 30 min at 4uC, followed

by washing in ice-cold PBS twice and finally resuspended in 500 ml

PBS for flow cytometric analysis (Beckman, USA). As control, cells

were stained with the matching isotype control Abs.

Laser scanning confocal microscopy (LSCM)
To observe the co-localization of P-gp, phospho-ERM (p-ERM;

i.e., activated ERM) and F-actin, cells were pretreated with or

without 100 ng/ml CCL25 or both CCL25 (100 ng/ml) and

1 mg/ml anti-CCR9 Ab (Abcam, UK). Cells were plated and

cultured on polylysine-coated coverslips. To label P-gp protein,

cells were first fixed with 10% neutral formalin in PBS for 10 min

at room temperature followed by incubation with an anti-P-gp Ab

at 4uC. To observe the intracellular p-ERM, we performed a

trichloroacetic acid fixation method [19] in order to inactivate

phosphatases and maintain adequate levels of p-ERM proteins

during sample processing. Briefly, cells were fixed in 10%

trichloroacetic acid solution for 15 min at room temperature,

and washed three times with PBS. After washing, cells were

permeabilized with 0.2% Triton-X 100/PBS followed by incuba-

tion with anti-p-ERM or anti-F-actin Abs overnight at 4uC. After

washing in PBS, samples were incubated with fluorescein-linked

secondary Abs for 45 min at room temperature and examined

under a confocal microscope (Leica, Germany).

Co-immunoprecipitation analysis
Cells were first lysed in RIPA buffer for 1 h at 4uC under

rotating conditions. After insoluble materials were removed by

centrifugation at 12,000 g for 15 min, the soluble supernatants

were precleared with protein A+G agarose beads to prevent non-

specific binding. After 1-h incubation at 4uC, samples were

ERM and CCL25-Mediated MDR
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centrifuged at 2,500 rpm to pellet the agarose beads, and the

supernatants were saved for immunoprecipitation. After deter-

mining the protein concentration by BCA protein assay kit,

500 mg of total proteins were incubated with 1 mg of primary Abs

(to P-gp, p-ERM, F-actin) and 100 ml protein A+G agarose beads

overnight at 4uC under rotating conditions. The immunoprecipi-

ate was collected by centrifugation at 2,500 rpm for 15 min at

4uC, washed in RIPA buffer, and finally resuspended in 40 ml of

SDS-PAGE sample loading buffer. The immunoprecipitated

proteins were detected by western blotting analysis.

Plasmid construction and cell transfection
Short-hairpin RNAs (shRNAs, Table 2) to ezrin, radixin and

moesin genes were constructed by Shanghai Genechem Company,

which were cloned into pGCsilencerTM H1/Neo/RNAi vector.

For transfection, 46105 cells were plated in 24-well plates without

antibiotics. Transfections were performed with Lipofectamine

2000 (Invitrogen) according to the manufacturer’s instructions.

Media was replaced with OPTI-MEM1 (Invitrogen) supplemented

with 1% (vol/vol) FBS 4–6 h after transfection. After 24 h, the

medium containing 200 mg/ml G418 was applied for effective

stable selection. In some experiments, several plasmids were co-

transfected into cells and the stably transfected cell lines were

established after 8 weeks of G418 selection. RT-PCR and western

blotting assays were employed to analyze ezrin, radixin and

moesin mRNA and protein levels, respectively.

Cell viability assays
We plated 26103 stable shRNA transfected MOLT4 or control

vector transfected MOLT4 cells into 96-well plates. Cells were

mixed with different concentrations of DOX and incubated for

48 h, after which 10 ml WST-1 reagents were added to each well

and incubated at 37uC for 4 h. At the end, the absorbance was

measured using a PerkinElmer 2030 VICTOR X Multilabel Plate

Reader at 450 nm.

Apoptosis assays
Apoptosis was determined using the Annexin-VFLUOS Stain-

ing Kit (Roche) allowing quantification by flow cytometry. In brief,

ERM-shRNA or control vector transfected MOLT4 cells (56105

in 2 ml) grown in 6-well plates were treated with 1 mg/ml

Vincristine (VCR) for 48 h. After washing, cells were incubated in

500 ml of binding buffer containing 10 ml of Annexin V-FITC and

5 ml of PI for 15 min at 37uC in the dark according to the

manufacturer’s instructions. Apoptosis was immediately quantified

using FCM. Results were presented as percentages of Annexin V-

FITC positive cells, or Annexin V-FITC and PI double positive

cells.

Statistical analysis
All experiments were repeated at least three times. Differences

between 2 treatment groups were analyzed by Student’s t-test.

Data were expressed as mean 6 S.D and P,0.05 was considered

statistically significant.

Results

Drug resistance in MOLT4 cells was enhanced by CCL25/
CCR9

We previously reported that CCL25 selectively enhanced the

resistance of MOLT4 and other T-ALL cells to TNF-a-mediated

apoptosis [17]. To determine whether activation of CCR9, the

Table 1. Primer sequences and RT-PCR conditions.

Genes Primer Conditions

P-gp Sense: 59-CCCATCATTGCAATAGCAGG-39 94uC for 30 s, 50uC for 30 s and 72uC for
30 s (35 cycles)

Antisense: 59-GTTCAAACTTCTGCTCCTGA-39

Ezrin Sense:59-GAATACACTGCCAAGATTGC-39 94uC for 30 s, 56uC for 45 s and 72uC for
45 s (35 cycles)

Antisense: 59-CTCATGTTCTCGTTGTGGAT-39

Radixin Sense: 59-GCTAGGTGTTGATGCTTTGG-39 94uC for 30 s, 52uC for 30 s and 72uC for
40 s (35 cycles)

Antisense: 59-GACGTTCCATTAGCTCTTCC-39

Moesin Sense: 59- AGCCTTGGCATCTAGAGCTTGATGC -39 94uC for 45 s,58uC for 45 s and 72uC for
1 min (35 cycles)

Antisense: 59- GGACTGAACCCTGGGGAGAAGACA-39

GAPDH Sense: 59-CCATGGAGAAGGCTGGGG-39 94uC for 30 s, 65uC for 30 s and 72uC for
40 s (35 cycles)

Antisense: 59-CAAAGTTGTCATGGATGACC-39

doi:10.1371/journal.pone.0052384.t001

Table 2. The information of shRNAs to ezrin,radixin,moesin genes.

Name Stem Loop Stem

Ezrin CCTGGAAATGTATGGAATCAA CTCGAG TTGATTCCATACATTTCCAGG

Radixin-Moesin GCAGACAATTAAAGCTCAGAA CTCGAG TTCTGAGCTTTAATTGTCTGC

doi:10.1371/journal.pone.0052384.t002
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receptor that binds CCL25, was involved in drug resistance in

MOLT4 cells, we first performed accumulation and efflux assays

to assess the function of P-gp. As shown in Fig. 1A, MOLT4 cells

treated with CCL25 significantly decreased the drug accumula-

tion. In untreated MOLT4 cells, the mean fluorescence intensity

(MFI) for DOX and Rh123 was high and reached to 78.1 and

39.8, respectively. In contrast, in MOLT4 cells treated with

CCL25, the MFI for DOX and Rh123 accumulation was 8.0 and

17.2, respectively (Fig. 1A). When cells were pretreated with an

anti-CCR9 Ab followed by CCL25 stimulation, drug accumula-

Figure 1. P-gp functions in MOLT4 cells treated with different factors. (A) Intracellular drug accumulation in untreated MOLT4 cells or
MOLT4 cells treated with CCL25/verapamil/anti-CCR9 by FCM. These cells were incubated with DOX or Rh123, washed and the MFI determined by
flow cytometry using MR cell line as a control. (B) The accumulation of DOX and Rh123 in MOLT4 cells. Values are mean 6 SD. *, P,0.05. (C) Efflux
assessment of DOX and Rh123 in MOLT4 cells detected by FCM. Cells were incubated with DOX or Rh123 as described above followed by washing.
After 1 h of dye efflux at 37uC in the medium without DOX or Rh123, cells were washed twice with cold PBS and immediately analyzed using the
same procedure as for the accumulation experiments. (D) The efflux of DOX and Rho123 in MOLT4 cells. Values are mean 6 SD. *, p,0.05. (E)
Intracellular accumulations in MOLT4 cells detected by LSCM. Cells were washed with PBS, incubated with or without verapamil before treatment
with DOX, and then the cells were treated with CCL25 or anti-CCR9 antibody and CCL25. Confocal images (top); Nomarski differential interference
contrast images (middle); and overlays of confocal and differential interference contrast images (bottom). Bar = 20 mm. All the results presented are
the means of three independent experiments. M, MOLT4; MC, MOLT4 cells treated with CCL25; MV, MOLT4 cells treated with CCL25 and VRP; MR,
MOLT4 cells treated with DOX for 9 months.
doi:10.1371/journal.pone.0052384.g001
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tion was maintained at high levels (Fig. 1A and B). Similar results

were obtained when analyzed using LSCM (Fig. 1E). These results

indicated that CCR9/CCL25 signaling reduces drug accumula-

tion in MOLT4 cells.

Next, we performed drug efflux assays to measure the exclusion

of DOX and fluorescent agent Rh123 from the cells to assess the

functional activity of P-gp. We found that the drug-resistant

MOLT4 cells again accumulated less DOX and Rh123 (Fig. 1C

and D), suggesting that the P-gp was functional in our cell systems.

In addition, when the cells were pretreated with P-gp inhibitor

verapamil for 1 h [20], the efflux was obviously inhibited (data not

shown), which underlines the importance of P-gp in the drug

resistance of MOLT4 cells induced by CCR9/CCL25.

Drug resistance induced by CCL25 is not accompanied
by altered expression of P-gp

We employed RT-PCR, Western blot and FCM to determine

whether CCL25-induced drug resistance might be caused by

changes in expression of the P-gp. Surprisingly, there was no

change in P-gp expression in MOLT4 cells treated with CCL25

although we detected high levels of its expression in the positive

control MR cells (Fig. 2A–C). This result suggested that altered

expression levels of P-gp may not be involved in the CCL25-

induced drug resistance in MOLT4 cells.

P-gp, p-ERM and F-actin colocalized and interacted with
one another in CCL25-stimulated MOLT4 cells

Subsequently, we investigated the subcellular distribution of P-

gp by LSCM in MOLT4 cells treated with or without CCL25. In

untreated cells, P-gp was mostly found homogeneously on the

plasma membrane of MOLT4 cells whereas the p-ERM and F-

actin were detected in the cytoplasm (Fig. 3A). In sharp contrast,

MOLT4 cells stimulated with CCL25 expressed the P-gp

selectively at the protruding or polarized part of MOLT4 cells

(Fig. 3A and B), where p-ERM and F-actin were also colocalized

(Fig. 3C). When the cells were pretreated with an anti-CCR9 Ab

prior to CCL25 stimulation, the co-distribution patterns of P-gp,

p-ERM and F-actin were disrupted. These results suggested that

CCL25-induced drug resistance in MOLT4 cells may involve a

redistribution of P-gp on the plasma membrane and colocalization

of P-gp with p-ERM protein and F-actin.

We carried out co-immunoprecipitation experiments to further

assess the level of P-gp association with p-ERM and F-actin

molecules. A monoclonal Ab against F-actin detected an expected

,43-kD band in the immunoprecipitates of P-gp in CCL25

treated cell lysate but not in untreated control lysate (Fig. 4, left).

In addition, p-ERM was also detected in the immunoprecipitates

of P-gp from CCL25 treated cell lysate with only very low amount

of p-ERM detected in untreated cell lysate (Fig. 4, left). These

results were confirmed by reciprocal co-immunoprecipitation

experiments in which P-gp was detected in both F-actin and p-

ERM immunoprecipitates from the CCL25 treated cell lysate

(Fig. 4; middle and right panels). Our findings suggested that P-gp

could be associated with the actin cytoskeleton and that this

interaction may play an important role in drug resistance induced

by CCL25.

Silencing ERM proteins enhanced drug sensitivity and
apoptosis of MOLT4 cells

To address the causal role of ERM proteins in chemokine-

mediated drug resistance, we established stable MOLT4 cell

clones in which these molecules were silenced by specific shRNAs

(Fig. 5). There was a significant reduction of ezrin, radixin, and

Figure 2. P-gp expression induced by CCL25 in MOLT4 cells. (A) RT-PCR and (B) Western blot analyses for P-gp expression induced by CCL25
in MOLT4 cells. MR cells were used as positive control. Amplification of GAPDH was used as control for RT-PCR assays. For loading control in western
blot, membranes were incubated with monoclonal anti-b-actin antibody. (C). Expression of P-gp in cells stained with PE-anti-human MDR1 antibody
by FCM. Values presented are the means of four independent experiments.
doi:10.1371/journal.pone.0052384.g002
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moesin RNAs and proteins in both clone 1 and clone 2 compared

with MOLT4 cells transfected with empty vector (Fig. 5). We

therefore chose clone 2 for all subsequent experiments.

To determine whether the biological characteristics have

changed after transfection with shRNAs in MOLT4 cells, cell

viability and apoptosis were evaluated by WST-1 and FCM. After

the cells were incubated with different concentrations of DOX for

72 h, as shown in Fig. 6A, the viability of ERM-silenced cells was

lower than that of empty vector-transfected cells (P,0.05),

indicating that ERM silencing enhanced sensitivity of MOLT4

cells to DOX treatment. Moreover, when cells were treated with

VRP for 24 h, we observed increased apoptosis in shRNA

transfected cells compared with the vector-transfected cells (Fig. 6

B).

ERM proteins participated in CCL25-induced drug
resistance in MOLT4 cells

To ensure that the shRNAs to ERM proteins did not alter the

expression of P-gp, we detected its expression by FCM and RT-

PCR assays. As expected, the expression levels of P-gp in shRNA

transfected cells did not change compared to empty vector-

transfected cells, nor did the expression levels of P-gp also before

and after CCL25 treatment (Fig. 7A–B). Next, we investigated

drug accumulation in shRNA transfected cells, and found that the

ERM-silenced MOLT4 cells showed dramatically increased drug

accumulation as compared with empty vector-transfected control

(Fig. 7C), which was corroborated by LSCM analysis (Fig. 7C).

The results suggested that interference of ERM expression could

increase drug accumulation, enhance apoptosis rate and reverse

drug resistance.

Interestingly, when ERM-silenced MOLT4 cells were stimulat-

ed by CCL25, the intracellular accumulation of DOX did not

reduce significantly, which was in contrast to the vector control

cells treated with CCL25 (Fig. 7C). These results indicated that

cytoskeletal regulatory proteins ERM might be involved in

CCL25-induced drug resistance in MOLT4 cells. Consequently,

we investigated the distribution of P-gp in ERM-silenced MOLT4

cells by LSCM. The results revealed that P-gp staining appeared

unpolarized and localized all around the ERM-silenced cells,

despite that the cells were stimulated with CCL25 (Fig. 8A–B).

Furthermore, colocalization between p-ERM, F-actin and P-gp

was no longer detectable in ERM-silenced MOLT4 cells treated

by CCL25 (Fig. 8A–C). These data were consistent with our co-

immunoprecipitation experiments and, in fact, after CCL25

treatment, P-gp was no longer detectable in both p-ERM and F-

actin immunoprecipitates (Fig. 8D). These results strongly

suggested that interactions between P-gp and cytoskeleton were

involved in CCL25-induced drug resistance and activated ERM

protein played an important role in this process.

Figure 3. Colocalization of P-gp, p-ERM and F-actin in MOLT4
cells treated with CCL25 by confocal. Shown are the subcellular
localizations of (A) P-gp (red) and p-ERM (green), (B) P-gp (green) and F-
actin (red), and (C) p-ERM (green) and F-actin (red) in MOLT4 cells
treated with CCL25 or anti-CCR9 and CCL25 together. All the images
showed that P-gp and p-ERM or F-actin colocalized in CCL25 treated
cells, and this colocalization could be abolished by anti-CCR9 antibody.
Bar = 20 mm. The results represented the means of four independent
experiments.
doi:10.1371/journal.pone.0052384.g003

Figure 4. P-gp, ERM and F-actin co-immunoprecipitation
induced by CCL25 in MOLT4 cells. Western blot for p-ERM, F-actin,
and P-gp in P-gp (left panel), p-ERM (middle panel) and F-actin (right
panel) immunoprecipitations, respectively, from lysates of MOLT4 cells
in the presence or absence of CCL25.
doi:10.1371/journal.pone.0052384.g004

Figure 5. Effects of ERM-shRNA on ERM expression. MOLT4 cells
were transfected with ERM-shRNAs and cells were selected in G418
(200 mg/ml) for 2 weeks. After 6–8 weeks with G418 selection, the
clones were selected for identification by RT-PCR and Western blot.
doi:10.1371/journal.pone.0052384.g005

ERM and CCL25-Mediated MDR
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Discussion

In this study, using T-ALL cell line MOLT4 cells, we provided

experimental evidence that P-gp association with the F-actin

cytoskeleton through p-ERM is involved in CCL25/CCR9

induced MDR. Our findings suggested that ERM proteins were

crucial components of drug resistance in leukemic cells induced by

chemokines. Moreover, we found no relationship between P-gp

expression levels and drug resistance but rather a functional link

between P-gp and F-actin cytoskeleton during CCL25-induced

drug resistance.

Resistance to cytotoxic drugs is a major obstacle in the

treatment of hematologic malignancies [21,22]. Mechanisms

underlying MDR include, among others, enhancement of drug

efflux carried out by membrane proteins (e.g., P-gp, MRP, and

LRP) [23,24], reinforcement in enzymatic detoxification of

cytotoxic drugs by glutathione-s-transferase system [25–27], and

inhibition of cell apoptosis [28,29]. The ‘classic’ MDR is mediated

by P-gp [4,30,31]. To date, little attention has been payed towards

the relationship between chemokines and MDR at the cellular

level in hematologic malignancies.

In the present study, we first noticed that the intracellular

accumulation of DOX and Rh123 was significantly decreased

Figure 6. Cell viability and apoptosis analysis in ERM-silenced MOLT4 cells. (A) Cell viability was lower in ERM-silenced cells compared to
empty vector-transfected cells. (B) The apoptosis rate in shRNA transfected cells was increased compared with empty vector-transfected cells.
doi:10.1371/journal.pone.0052384.g006

Figure 7. Expression and functionality of P-gp in ERM-silenced MOLT4 cells treated with CCL25. (A) Expression of P-gp by FCM. (B)
Expression of P-gp by RT-PCR. (C) DOX accumulation by FCM (upper) and LSCM (bottom). Bar = 20 mm.
doi:10.1371/journal.pone.0052384.g007
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following CCL25 treatment and this effect could be blocked by an

anti-CCR9 Ab, which indicated that there was indeed a certain

relationship between CCL25 and MDR in MOLT4 cells. Our

findings provided strong evidence for developing CCR9 antago-

nists to overcome chemokine-induced MDR in leukemia cells. In

addition, the results of efflux assays revealed that P-gp was

functional and the inhibition by VRP substantiated that P-gp

played a critical role in the drug resistance of MOLT4 cells

induced by CCR9/CCL25. Overall, our data were in line with the

prevailing view that P-gp functions intimately in MDR in cancer

cells [4,30,31].

To our surprise, P-gp showed no alterations in the expression

level but re-localized to the polarized plasma membranes on

MOLT4 cells treated with CCL25. It had been reported that a

polarized distribution of P-gp depended upon the rearrangement

of cytoskeletal proteins such as actin and ERM [12,13,32]. Also,

Vicky Goler-Baron and Assaraf had shown that the ERM protein

complex selectively localized to the border of extracellular vesicle

membranes, implicating a key role for the tethering of MDR

pumps to the actin cytoskeleton [33]. We had previously shown

that CCL25 effectively induced polarization of MOLT4 cells

following activation of ERM proteins with polarized redistribution

[7]. Since there was evidence that the redistribution of P-gp in

association with ERM proteins played a role in MDR [12], we

speculated that activated ERM proteins might be involved in the

polarized distribution of P-gp during CCL25 stimulation.

Two pieces of evidence supported this speculation. First, the

results of LSCM analysis indicated that P-gp, p-ERM and F-actin

all co-localized at the polarized sites of CCL25-treated MOLT4

cells. Second, co-immunoprecipitation experiments confirmed

direct interactions among these proteins. These findings were

fully consistent with others’ data independently showing coloca-

lizations of ERM proteins, actin, and P-gp on the plasma

membrane [34–36]. Our observations in turn suggested that P-

gp-p-ERM-F-actin interactions played a pivotal role in regulating

the localization of P-gp at well-defined membrane sites. Consistent

with this suggestion, shRNA-mediated ERM silencing in MOLT4

cells significantly increased cell apoptosis. Intracellular accumula-

tion of drugs was further increased in ERM-silenced MOLT4 cells

treated with CCL25. Notably, there was no membrane polariza-

tion in ERM-silenced cells after treatment with CCL25, consistent

with our previous work (7). Moreover, only a weak fluorescence of

p-ERM was detected in ERM-silenced MOLT4 cells (Fig. 8, A

and C), further confirming the role of ERM proteins. Finally,

ERM silencing appeared to sever the P-gp linkage with F-actin,

based on the results of LSCM and immunoprecipitation, further

suggesting that p-ERM proteins played a critical role in P-gp-F-

actin association in CCR9/CCL25-mediated drug resistance of

MOLT4 cells. Taken together, these results suggested that 1) the

activated state of ERM was key for P-gp-mediated function,

particularly in enhancing lymphoblastic leukemia cell sensitivity to

drug treatment, and 2) the association of P-gp with F-actin

through the p-ERM proteins was crucial for the maintenance of P-

gp polarization in MDR induced by CCR9/CCL25 signaling

pathway.

In this study, we observed that the P-gp expression level was

significantly increased in long-term (9 months) DOX treatment

cells (MR) even without CCL25 treatment. These observations are

consistant with those made by Villar et al, which also demon-

strated that DOX induced MDR is closely related with high levels

of P-gp expression [37]. These findings, together, suggest that

there may exist different mechanisms between short-term

chemokine induced drug resistance vs. long-term DOX induced

drug tolerance.

New therapeutic agents need to be developed to overcome

MDR in the chemotherapy of leukemia. A growing number of

methods are being developed to overcome intrinsic MDR of

tumor cells. Protocols for overcoming tumor resistance mediated

by chemokines are still at an early stage and require further

research. Our results suggest that interfering with the interactions

Figure 8. Role of P-gp-p-ERM-F-actin association in ERM-
silenced MOLT4 cells treated by CCL25. Shown are the subcellular
localizations of (A) P-gp (red) and p-ERM (green), (B) P-gp (green) and F-
actin (red), (C) p-ERM (green) and F-actin (red) in ERM-silenced MOLT4
cells treated by CCL25. All images showed P-gp and p-ERM or F-actin
distribution on the cells. Bar = 20 mm. (D) Co-immunoprecipitation
analysis of ERM-silenced MOLT4 cells, either untreated or pretreated
with CCL25.
doi:10.1371/journal.pone.0052384.g008
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between P-gp and F-actin may represent a potentially novel way

for overcoming chemokine-mediated MDR in T-ALL cells.
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