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Abstract

Purpose H1 is a novel derivative of tetrandrine (Tet). Here

we investigate the ability of H1 to reverse P-glycoprotein

(Pgp)-mediated multidrug resistance (MDR) and its

mechanisms.

Methods KBv200, MCF-7/adr and their parental sensitive

cell lines KB, MCF-7 were used for reversal study. The

intracellular accumulation and efflux studies with Pgp

substrates of doxorubicin and rhodamine 123 were deter-

mined by flow cytometry. The expression of Pgp was

investigated by Western blot and RT-PCR analysis. ATP-

ase activity of Pgp was performed by Pgp-Glo
TM

assay

systems. The ubiquitination level of Pgp was determined

by immunoprecipitation analysis. The effect of ERK1/2 on

Pgp expression in KBv200 cells were investigated by RNA

interference.

Results H1 significantly potentiated the sensitivity of Pgp

substrates in KBv200 and MCF-7/adr cells, but not in

parental cells KB and MCF-7. H1 inhibited Pgp expression

in KBv200 cells in a dose-dependent manner, but had no

effect on MDR1 expression. Further studies showed that

H1 prompted the degradation of Pgp and decreased Pgp

protein half-life by enhancing the ubiquitination of Pgp,

which may be related to downregulated MEK-ERK signal

pathway. We also found H1 inhibited ATPase activity of

Pgp in a dose-dependent manner.

Conclusions H1 is an effectively and potential agent in

reversing Pgp-mediated MDR by inhibiting the transport

function and expression of Pgp.

Keywords H1 � Drug resistance � P-glycoprotein �
Tetrandrine � Reversing agents

Introduction

Currently, multidrug resistance (MDR) to anti-cancer drugs

is a major obstacle to the effective treatment of cancer. One

of the underlying mechanisms of MDR is cellular over-

expression of P-glycoprotein (Pgp) which encoded by the

MDR1 gene. Pgp is a transmembrane protein and functions

as an ATP-dependent drug transporter that transports the

intracellular drugs out of the cells [1]. As such, the intra-

cellular drugs in the MDR cancer cells could be kept at

sub-lethal level, by which cancer cells circumvent the

effective attack by the anti-cancer drugs [1, 2]. Inhibition

of the transport function and expression of Pgp is one of the

effective ways to reverse cancer drug resistance.

Tetrandrine (Tet) is a bisbenzylisoquinoline, which is

the main active component in the root Stephania tetrandra

S. Moore [3]. The reverse activity of Tet was associated

with an increase of the intracellular drug accumulation

induced by direct binding to Pgp. Tet had potent reversal

effect on Pgp-mediated MDR in vitro and in vivo [4, 5].

Our previous studies reported that 5-Bromotetrandrine

(BrTet), a bromized derivative of Tet, exhibited more

potent reversal effect than Tet in vitro. It sensitized several

MDR cells to various anti-cancer drugs in Pgp-mediated

MDR cells and significantly enhanced the anti-cancer
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activity of Dox in nude mice bearing resistant KBv200

xenografts [6, 7]. Phase I clinical trial of BrTet has been

completed, and now phase II clinical trail is under progress.

H1 was a novel derivative of tetrandrine, which was syn-

thesized by Prof Wang. Our preliminary screening results

showed that the reversal activity of H1 was more potent

than Tet and BrTet. It significantly potentiated the cyto-

toxicity of anti-cancer drugs in the Pgp-overexpressing

cells, but not in the Pgp-negative parental cells. The present

study is undertaken to further evaluate the reversal effect of

H1 on Pgp-mediated MDR along with its ability to inhibit

the transport function and expression of Pgp.

Materials and methods

Chemicals and reagents

H1 was synthesized by Prof Wang. The powder of H1 with

a purity of [99% was obtained by chromatography, and

freshly solved in dimethyl sulfoxide (DMSO) before use.

The chemical structure showed in (Fig. 1b), molecular

formula: C27H40N2O6Br, molecular weight: 690. PD98059,

U0126 was purchased from Cell Signaling technology, Inc.

Paclitaxel (Tax), doxorubicin (Dox), vincrinstine (Vcr),

verapamil (Vrp), 1-(4, 5-dimethylthiazol-2-yl)-3, 5-diphe-

nyformazan (MTT) and other chemicals were purchased

from sigma chemical Co. (St. Louis, MO). MDR1/Pgp

antibody was a product of Abcam Biotechnology, Inc.

b-actin antibody was purchased from Santa Cruz Biotech-

nology (USA). MEK1/2, p-MEK1/2, p-ERK1/2, ERK1/2,

Ubiquitin antibodies were obtained from Cell Signaling

technology, Inc., RT-PCR kit and Pgp-Glo
TM

assay systems

were purchased from Promega (Madison, WI, USA).

Cell lines and cell culture

The MDR cell lines KBv200 and MCF-7/adr were gener-

ously provided by Professor Chen Xiaoguang (Chinese

Academy of Medical Sciences, Beijing). KBv200 and MCF-

7/adr cells, two classical multidrug resistant human cell lines

with high level of Pgp expression which was the main cause

for inducing MDR, were derivate from their parental sen-

sitive KB cells and MCF-7 by stepwise exposure to

increasing doses of vincristine (Vcr) or doxorubicin (Dox)

[8, 9]. In comparison with KB, MCF-7 cells were approxi-

mately 100-fold resistant to Vcr and Dox, respectively. All

the cell lines were all grown in RPMI1640 (GibcoBRL)

medium supplemented with 10% heat-inactivated new-born

calf serum, 100 U/ml penicillin and 100 lg/ml streptomy-

cin. To maintain drug resistance, 200 nM Vcr and 200 nM

Dox were added to the culture of KBv200 and MCF-7/adr

cells, respectively. All experiments were performed after

7–10 days of incubation in drug-free medium.

MTT assay

MTT assay was used to assess cytotoxicity of H1 [10]. In

detail, cells were seeded in 96-well multiplates. After an

overnight incubation (37�C with 5% CO2), various con-

centrations of H1 were added into the wells and incubated

for another 72 h. Thereafter, 100 ll of 0.5 lg/ml MTT was

added to each well after the withdrawal of the culture

medium and this was then incubated for an additional 4 h.

The resulting formazan was dissolved in 150 ll DMSO

after aspiration of the culture medium. Plates were placed

on a plate shaker for 30 min and read immediately at

570 nm using a microplate reader (Bio-Rad Model 450).

The IC50 values (the concentration resulting in 50%

inhibition of cell growth) were calculated by Graphpad

Prism 6.0 software. According to the results of cytotoxicity

assay, noncytotoxic concentrations of H1 were selected to

determine the reverse MDR effect. Vrp was used as a

positive control. MDR reversal effect of H1 is expressed as

fold reversal (FR) which calculated by dividing the IC50 for

the cells to Vcr, Dox and Tax in the absence of H1 by that

obtained in the presence of H1. FR = IC50 anti-cancer drug

alone/IC50 anti-cancer drug ? modulator [6].

Flow cytometric analysis

The effects of H1 on the cellular accumulations of Dox and

rhodamine 123 were measured by flow cytometry. Briefly,

5 9 105 cells were incubated in 6-well plates and allowed

to attach overnight. The cells were then treated with H1 of

desired concentrations (0.125, 0.25, 0.5 lM) and vehicle at

37�C for 3 h. Then 10 lM Dox and rhodamine 123 were

added and further incubated for another 3 or 0.5 h,

Fig. 1 Chemical structures of

Tetrandrine (a) and H1 (b)
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respectively. Following this incubation, the cells were

collected and washed twice with ice-cold PBS buffer.

Finally, the cells were resuspended in PBS buffer for flow

cytometric analysis (Beckman Coulter, Cytomics FC500,

USA). Vrp was used as a positive control [11, 12]. The

relative values were identified by dividing the fluorescence

intensity of each measurement by that of control cells.

Rhodamine 123 efflux assay was also detected by flow

cytometry. The ability of H1 to maintain inhibition of Pgp-

mediated efflux after its removal from the incubation

medium was assessed by using Pgp substrate rhodamine

123. KBv200 cells were seeded in 6-well plates at a density

of 5 9 105 cells and allowed to attach overnight. Vrp and

various concentration of H1 added into the cells and

incubated for 1 h, then rhodamine 123 (10 lM) was

additional added in the cells incubated for another 0.5 h at

37�C in 5% CO2. The cells were collected and washed with

fresh medium and resuspended in normal growth medium

without H1 or rhodamine 123. Samples were incubated at

37�C, and aliquots removed at 10, 20, 30, 60 and 120 min,

respectively. Then the cells were centrifuged and washed in

ice-cold PBS. At last, the cells were resuspended in 1 ml

PBS and analyzed by flow cytometry. Fluorescence was

measured from 104 cells and cell-associated fluorescence as

a percentage of T0 was plotted against time [13].

ATPase assay

The changes of ATPase activity were determined by

Pgp-Glo
TM

assay systems (Promega, USA). Sodium ortho-

vanadate (Na3VO4) was used as a Pgp ATPase inhibitor.

The inhibitory effects of H1 were determined against a Vrp-

stimulated Pgp ATPase activity. Various concentrations of

H1 diluted with assay buffer were incubated in 100 lM

Vrp, 5 mM MgATP and 25 lg recombinant human Pgp

membranes at 37�C for 40 min. Luminescence was initiated

by ATP detection buffer. After incubated at room temper-

ature for 20 min to allow luminescent signal to develop, the

untreated white opaque 96-well multiplates (corning, USA)

was read on luminometer (SpectraMax M5, molecular

devices, USA). The changes of relative light units (4RLU)

were determined by comparing Na3VO4-treated samples

with H1 and Vrp combination-treated groups.

Western blot analysis

Cells were harvested and rinsed twice with PBS and lyzed

in denaturing lysis buffer (Applygen Technologies Inc.

China) for 30 min on ice, centrifuged 12,000 g for 15 min

at 4�C. Protein concentrations were determined by BCA

assay. Equal quantities (40 lg of protein) of cell extract

were resolved by 10% SDS–PAGE, the resolved protein

were electrophoretically transferred to PVDF membrane

and blocked with 5% fat-free dry milk in TBST for 1.5 h at

room temperature. The membrane was immunoblotted with

first antibody in 5% milk TBST, at 4�C overnight. Mem-

branes were washed three times, incubated with secondary

antibodies for 2 h at room temperature and washed three

times before detection. The membranes were subsequently

developed using ECL (FuJiFilm, Japan) reagent (Applygen

Technologies Inc. China) and exposed to film according to

the manufacturer’s protocol.

Immunoprecipitation analysis

KBv200 cells were harvested and lyzed in NET buffer

(Applygen Technologies Inc. China) for 30 min on ice,

centrifuged 12,000 g for 30 min at 4�C. Protein concen-

trations were determined by BCA assay. Identical amounts

(2 mg of protein) were immunoprecipitated with 1 lg Pgp

antibody by overnight incubations at 4�C after adjusting

the volumes to 1.0 ml with cold NET buffer. The immune

complexes were precipitated with Protein-A Sepharose

CL-4B (GE Healthcare Inc. USA) and washed three times

with TNT buffer (Applygen Technologies Inc. China),

once with NET buffer and once with PBS. Immunopre-

cipitated proteins were detected by Western blot assay

using anti-ubiquitin polyclonal antibody [14].

RT-PCR analysis

KBv200 cells were seeded in 6-well plates at a density of

5 9 105 cells and allowed to attach overnight, then cul-

tured with or without H1 (0.125, 0.25, 0.5 lM, respec-

tively) for 48 h. Total RNA was extracted by the guanidine

isothiocyanate/phenol/chloroform method. The integrity

and purity of the RNA were checked by UV Spectropho-

tometer for OD260 and OD280, then reverse transcripted

from mRNA to cDNA using the RT-PCR kit (Promega,

WI, USA). The following primers were used for RT-PCR:

MDR1 (286 bp) sense 50- AGA AGG TTC TGG GAA GA

TCGC-30, anti-sense 50-ATG TCC TTT TCC AGC ACC

TC-30; b-actin (529 bp) sense 50- TGT TTG AGA CCT

TCA ACA CCC-30, anti-sense 50-AGC ACT GTG TTG

GCG TAC AG-30. The PCR profile was as follows: 10 min

at 95�C, followed by 30 cycles of 30 s at 95�C and 1 min at

60�C. The PCR product was separated by 1% agarose gel

electrophoresis, and the gels were stained using ethidium

bromide and viewed by UV transillumination.

RNA inference

siRNAs specific for human ERK1 and ERK2 genes, and

the nonspecific negative control siRNA with or without

Cancer Chemother Pharmacol (2011) 67:1017–1025 1019
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FAM labeled were purchased from Invitrogen. KBv200

cells were seeded in 6-well plates to reach 30–50% con-

fluent and transfected with siRNA for ERK1 and ERK2

using Lipofectamine 2000 (Invitrogen) in antibiotics and

serum-free media, according to the manufacturer’s

instructions. After 48 h for gene knockdown, KBv200 cells

were collected for Western blot analysis.

Statistical analysis

Data were expressed as mean ± SD. Statistical analysis of

the data was performed using the one-way ANOVA.

P \ 0.05 was considered statistically significant.

Results

Characterization of Pgp-overexpressing

and corresponding parental cell lines

To characterize Pgp-overexpressing and corresponding

parental cell lines, we first detected Pgp expression by

Western blot in two pairs of cell lines. As shown in Fig. 2a,

b, expression of Pgp in KB and MCF-7 was almost unde-

tectable; while Pgp expression in KBv200 and MCF-7/adr

cells were significantly higher compared with their corre-

sponding parental cell lines. Then, the multidrug resistant

potency of KBv200 and MCF-7/adr cells to Vcr, Dox, Tax

was further evaluated by MTT assay. The reversal fold is

expressed as ratio of IC50 between Pgp-overexpressing and

corresponding parental cell lines. As shown in Tables 1

and 2, KBv200 cells displayed 34.2-, 75.3- and 30.1-fold

resistance to Vcr, Dox, Tax, respectively, compared with

KB cells. MCF-7/adr cells exhibited 70.5-, 112.9- and

34.8-fold resistance to Vcr, Dox, Tax, respectively, com-

pared with MCF-7 cells.

Reversal effect of H1 on Pgp-mediated MDR

First, we examined cytotoxicity of H1 alone in different

cell lines by using MTT assay. As showed in Fig. 2c, d, the

results indicated that H1 at 2–10 lM exerted considerable

cytotoxicity. The MDR cell lines, KBv200 and MCF-7/adr

showed the same sensitivity to H1 as their parental cells.

More than 90% of cells were survival at the concentration

of 0.5 lM H1 in all cells. Based on the results of cyto-

toxicity assay above, we choose H1 of 0.125, 0.25, 0.5 lM

to evaluate the reversal activity. As shown in Table 1, H1

significantly decrease the IC50 values for 3 anti-cancer

drugs in KBv200 cells in a dose-dependent manner, but not

in KB cells. At the concentration of 0.5 lM, H1 completely

reversed the resistance of KBv200 cells to Vcr, Dox and

Tax. The reversal fold was 54.0, 28.4, 50.1, respectively,

and its potency was greater than that of Vrp. In addition,

H1 also actively reversed Pgp-mediated resistance in MCF-

7/adr. The results in Table 2 showed that H1 exhibited

appreciable reversal of Vcr, Dox and Tax resistance in

MCF-7/adr cells in a dose-dependent manner. A concen-

tration 0.5 lM of H1 completely reversed MCF-7/adr cells’

resistance to Dox, and partially reversed MCF-7/adr cells’

resistance to Vcr and Tax. The reversal folds were 24.8,

126.8 and 10.1, respectively. To evaluate substrate speci-

ficity of transporter, cisplatin that is not a substrate of Pgp

was selected as a control. H1 did not significantly alter the

IC50 values of cisplatin in MDR and drug-sensitive cells.

These results suggest that H1 significantly potentiated the

cytotoxicity of anti-cancer drugs in the Pgp-mediated MDR

cells.

Fig. 2 Characteristics of tumor

cell lines used in this study and

the cytotoxicity of H1 in these

cell lines. Pgp expression level

in KB vs. KBv200 cells (a); Pgp

expression level in MCF-7 vs.

MCF-7/adr cells (b); KB and

KBv200 cells (c); MCF-7 and

MCF-7/adr cells (d) were

exposed to the indicated

concentration of H1 for 72 h.

Each point represents the

mean ± SD of three

determinations. Each

experiment was performed in

three times
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H1 enhances the accumulation of Dox and Rhodamine

123 in MDR cells overexpressing Pgp

The results above indicated that H1 could reverse Pgp-

mediated MDR. In order to ascertain the mechanism of

H1 on the function of Pgp, we determined the intracellular

levels of Dox and rhodamine 123 were measured in the

absence or presence of H1 in both KB and KBv200 cells

by flow cytometry. In the absence of H1, accumulation of

Dox and rhodamine 123 in KBv200 cells was much lower

than in sensitive KB cells. When the cells were preincu-

bated with H1 for 3 h, H1 significantly increased Dox and

rhodamine 123 accumulation in KBv200 cells in a dose-

dependent manner, but not in sensitive KB cells. Fig. 3a

illustrated that H1 enhanced the accumulation of Dox.

The intracellular accumulation of Dox was enhanced 2.0-,

2.6- and 3.7-fold in KBv200 cells; 1.0-, 1.1- and 1.1-fold

in KB cells in the presence of 0.125, 0.25, or 0.5 lM of

H1, respectively. As depicted in Fig. 3b, rhodamine 123

fluorescence values were enhanced 2.0-, 7.8-, 28.7-fold

in KBv200 cells; 1.0-, 0.9-, 1.0-fold in KB cells at H1

varying from 0.125 to 0.5 lM. These results demon-

strated that H1 was able to interfere with Pgp-mediated

transport.

Effect of H1 on Pgp-mediated efflux of Rhodamine 123

The ability of H1 to inhibit Pgp-mediated efflux and its

duration of action was investigated using Pgp substrate

rhodamine 123 and resistant cell line KBv200. Figure 3c

illustrated clearly that H1 inhibited the efflux of rhodamine

123 from the KBv200 cells and the H1 remains effective

when it was excluded from the efflux medium. More than

90% of the cellular rhodamine 123 was retained at 30 min

when H1 was present at 0.5 lM concentration. In the

presence of 0.125, 0.25 and 0.5 lM of H1, 20.4, 29.6 and

38.7% of the cellular rhodamine 123 was retained at 2 h,

respectively. In contrast, [90% of the rhodamine 123 was

effluxed by 1 h after incubated with Vrp at 10 lM. The

result displayed a good concentration-dependent effect on

Pgp-mediated efflux.

Effect of H1 on ATPase activity of Pgp

The efflux function of Pgp is coupled to ATP hydrolysis by

the ATPase which could be activated in the presence of

Pgp substrates or modulators. To assess the effects of H1

on the ATPase activity of Pgp, we measured Pgp-mediated

ATP hydrolysis with various concentrations of H1. As

shown in Fig. 3d, H1 inhibited Vrp-stimulated ATPase

activity of Pgp in a dose-dependent manner.

Table 1 Reversal effect of H1 on Pgp-mediated MDR in KBv200 vs.

KB cells

Compounds IC50 (lM) (fold reversal)

KB KBv200 (Pgp:)

Vcr 0.041 ± 0.010 (1.0) 1.402 ± 0.119 (1.0)

?0.125 lM H1 0.043 ± 0.009 (1.0) 0.609 ± 0.124** (2.3)

?0.25 lM H1 0.039 ± 0.011 (1.1) 0.078 ± 0.015** (16.1)

?0.5 lM H1 0.037 ± 0.009 (1.1) 0.026 ± 0.019** (54.0)

Vrp 0.038 ± 0.010 (1.1) 0.062 ± 0.018** (22.6)

Dox 0.013 ± 0.004 (1.0) 0.979 ± 0.125 (1.0)

?0.125 lM H1 0.013 ± 0.005 (1.0) 0.251 ± 0.029** (3.9)

?0.25 lM H1 0.012 ± 0.004 (1.1) 0.128 ± 0.019** (7.7)

?0.5 lM H1 0.011 ± 0.003 (1.2) 0.034 ± 0.011** (28.4)

Vrp 0.011 ± 0.005 (1.2) 0.102 ± 0.015** (9.6)

Tax 0.040 ± 0.012 (1.0) 1.202 ± 0.111 (1.0)

?0.125 lM H1 0.040 ± 0.015 (1.0) 0.636 ± 0.089** (1.9)

?0.25 lM H1 0.036 ± 0.010 (1.1) 0.031 ± 0.014** (40.2)

?0.5 lM H1 0.028 ± 0.011 (1.3) 0.024 ± 0.013** (50.1)

Vrp 0.039 ± 0.012 (1.1) 0.035 ± 0.008** (34.3)

Cisplatin 3.092 ± 0.376 (1.0) 3.247 ± 0.429 (1.0)

?0.5 lM H1 2.971 ± 0.294 (1.0) 3.513 ± 0.351 (0.9)

Table 2 Reversal effect of H1 on Pgp-mediated MDR in MCF-7/adr

vs. MCF-7 cells

Compounds IC50 (lM) (fold reversal)

MCF-7 MCF-7/adr (Pgp:)

Vcr 0.057 ± 0.010 (1.0) 4.021 ± 0.503 (1.0)

?0.125 lM H1 0.058 ± 0.009 (1.0) 0.976 ± 0.104** (4.1)

?0.25 lM H1 0.053 ± 0.011 (1.1) 0.384 ± 0.097** (10.5)

?0.5 lM H1 0.057 ± 0.009 (1.0) 0.162 ± 0.029** (24.8)

Vrp 0.056 ± 0.010 (1.1) 0.114 ± 0.031** (35.3)

Dox 0.082 ± 0.013 (1.0) 9.257 ± 2.021 (1.0)

?0.125 lM H1 0.081 ± 0.015 (1.0) 1.000 ± 0.296** (9.3)

?0.25 lM H1 0.075 ± 0.004 (1.1) 0.226 ± 0.099** (41.0)

?0.5 lM H1 0.069 ± 0.011 (1.2) 0.073 ± 0.012** (126.8)

Vrp 0.073 ± 0.009 (1.2) 0.097 ± 0.018** (95.4)

Tax 0.013 ± 0.011 (1.0) 0.453 ± 0.094 (1.0)

?0.125 lM H1 0.013 ± 0.009 (1.0) 0.207 ± 0.031** (2.2)

?0.25 lM H1 0.010 ± 0.010 (1.3) 0.083 ± 0.012** (5.5)

?0.5 lM H1 0.008 ± 0.006* (1.6) 0.045 ± 0.009** (10.1)

Vrp 0.011 ± 0.005 (1.0) 0.102 ± 0.025** (4.4)

Cisplatin 9.213 ± 1.876 (1.0) 10.141 ± 2.158 (1.0)

?0.5 lM H1 8.952 ± 1.465 (1.0) 11.289 ± 2.024 (0.9)

Cell survival was determined by MTT assay as described in Sect.

‘‘Materials and methods’’. Data are the mean ± SD of at least three

independent experiments. The fold reversal of MDR was calculated

by dividing the IC50 of cells with or without H1, *P \ 0.05,

**P \ 0.01 for the IC50 versus that absence of H1

Cancer Chemother Pharmacol (2011) 67:1017–1025 1021
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Effect of H1 on the expression of Pgp and MDR1

Pgp-mediated MDR can be reversed either by inhibiting

their transport function or by decreasing protein expression

level of Pgp. To study the effect of H1 on Pgp expression,

KBv200 cells were treated with H1 (0.125, 0.25, 0.5 lM)

for 48 h and the expression level of Pgp was determined by

Western blot analysis. As shown in Fig. 4a, Pgp expression

decreased markedly in a does-dependent manner. The

result demonstrated that H1 significantly inhibited Pgp

expression.

The MDR1 gene encodes the drug efflux pump Pgp,

whose overexpression is associated with the develop-

ment of MDR, and the overexpression of Pgp is pri-

marily regulated at the transcriptional level. Given that

H1 decreased Pgp expression, we next investigated

whether H1 would affect the transcription of MDR1 by

using semi-quantitative RT-PCR. After treatment of

KBv200 cells with H1 (0.125, 0.25, 0.5 lM) for 48 h,

the MDR1 expression level did not alter significantly

(Fig. 4b).

Effect of H1 on the degradation of Pgp

Above results indicated that H1 significantly inhibited Pgp

expression but did not affect the transcriptional level of

MDR1. It suggests that H1 might affect the degradation of

Pgp. To test this possibility, we determined the half-life of

Pgp protein by the introduction of cycloheximide, a known

protein synthesis inhibitor. In presence of H1, the Pgp

protein had a shorter half-life (13.5 h) than that (18.3 h) of

the control (Fig. 4c). By the way, we also determined the

ubiquitination level of Pgp in KBv200 cells with or without

H1. As shown in (Fig. 4d), treatment with H1 increased the

ubiquitination of Pgp. These results demonstrated that H1

could prompt Pgp degradation through enhancing the

ubiquitination of Pgp.

Effect of H1 on the blockade of MEK-ERK signal

pathway

MEK-ERK signal pathway involves inhibition of the Pgp

expression through the ubiquitination of Pgp in MCF-7/adr

Fig. 3 H1 interfered the

function of Pgp. Intracellular

accumulation of Dox (a) and

rhodamine 123 (b) in KB and

KBv200 cells The cells were

incubated with H1 (0.125, 0.25,

0.5 lM) at 37�C for 3 h, then

10 lM Dox and rhodamine 123

was added for another 3-h

incubation. Intracellular

fluorescence was analyzed by

flow cytometry. Control cells

that were not exposed to any

H1, and Vrp (10 lM) were used

as positive control. Data were

shown as mean ± SD of three

independent experiments,

*P \ 0.05; **P \ 0.01 versus

control group, respectively.

c Inhibition of rhodamine 123

efflux from KBv200 cells by H1

and Vrp. After 1 h in the

presence of rhodamine 123

(10 lM) and H1 (0.125, 0.25,

0.5 lM) or Vrp (10 lM), the

cells were washed and

incubated in fresh medium for

indicated times. d H1 inhibited

Vrp-stimulated ATPase activity

of Pgp. Luminescent Pgp

ATPase assay was performed

according to Pgp-Glo
TM

Assay

System instruction. Each point

represents the mean ± SD of

three independent experiments
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cells [15]. To determine whether decreased Pgp expression

by H1 was related to the change MEK-ERK pathway, after

KBv200 cells treated with desired concentration of H1 for

48 h, total and phosphorylated forms of MEK1/2 and

ERK1/2 were measured by Western blot analysis. As

shown in Fig. 5a, the phosphorylated MEK1/2 and ERK1/2

were significantly decreased in a dose-dependent manner,

but the total MEK1/2 and ERK1/2 were not significantly

changed. The results showed that H1 significantly down-

regulate MEK-ERK pathway. Subsequently, to further

understand the role of ERK1/2 on the regulation of Pgp

expression. We tested Pgp expression in KBv200 by using

RNA interference to knockdown ERK1 and ERK2 genes.

The result showed in Fig 5b, nonspecific-negative control

siRNA had no effect on protein expression. When ERK1 or

ERK2 was interfered, the protein level of Pgp was

decreased. By the way, we also detected the effect of

PD98059 and U0126 (known as MEK inhibitors) on Pgp

expression in KBv200 cells. As shown in Fig 5c, PD98059

and U0126 also inhibited Pgp expression. Based on these

findings, it suggested us that H1 inhibited Pgp expression

may be involved in blockade of MEK-ERK pathway.

Discussion

Pgp-mediated MDR as known classic MDR, which was

identified in the 1970s, is a well-characterized experimental

phenomenon [16]. The overexpression of Pgp in cancer

cells results in the failure of cancer chemotherapy treat-

ment. To circumvent MDR, much effort has focused on

finding Pgp inhibitors to effectively reverse Pgp-mediated

MDR. H1, a novel derivate of Tet, was synthesized by Prof

Wang. Preliminary screening results showed that the

reversal activity of H1 was more potent than BrTet (data not

shown). In the present study, we found H1 significantly

potentiated the cytotoxicity of anti-cancer drugs in the

Pgp-mediated MDR cells (Tables 1 and 2). It interfered

with the intracellular accumulation and efflux function of

Pgp. Moreover, H1 inhibited Vrp-stimulated ATPase

activity of Pgp. H1 decreased Pgp expression, but had no

effect on MDR1 expression. Further studies showed that H1

promoted the degradation of Pgp and down-regulated

the MEK-ERK pathway. Our results thus show H1 is able

to effectively reverse Pgp-mediated MDR by inhibiting

transport function and expression of Pgp.

Pgp has a basal ATPase activity and can be activated in

the presence of its substrates [17]. One of the important

roles of Pgp is to pump out anti-cancer drugs at the expense

of ATP hydrolysis. Our results showed that H1 signifi-

cantly increased intracellular accumulation of Dox and

rhodamine 123 and inhibited the Pgp-mediated efflux of

rhodamine 123 in KBv200 cells with a dose-dependent

manner (Fig. 3a, b, c). The transport function of Pgp is

coupled to ATP hydrolysis by the ATPase [18]. Further

studies found H1 could inhibit Vrp-stimulated ATPase

Fig. 4 H1 inhibited the expression of Pgp through enhancing the

degradation of Pgp. After treated with desired concentrations of H1

for 48 h, the mRNA and protein expression level of Pgp in KBv200

cells treated with or without H1 was determined by RT-PCR and

Western blot analysis, respectively (a, b). KBv200 cells were exposed

to 100 lg/ml cycloheximide (CHX, known as protein synthesis

inhibitor) with or without H1 (0.5 lM) for 12, 18, 24 h to block

protein synthesis. The cells were collected for Western blot analysis

(c). Effect of H1 on the ubiquitination of Pgp. KBv200 cells were

treated for 48 h with or without H1 (0.5 lM). Cell lysates were

immunoprecipitated with 1 lg of anti-Pgp polyclonal antibody,

followed by Western blotting with a monoclonal anti-ubiquitin

antibody (d). A representative result is shown from at least three

independent experiments. *P \ 0.05; **P \ 0.01 versus control

group, respectively
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activity of Pgp (Fig. 3d). These data indicated that H1

could reverse Pgp-mediated MDR by interfering Pgp

transport function, and so that increase the cellular con-

centration of anti-cancer drugs. In addition, Pgp-over-

expressing MDR cells were not resistant to H1. It

suggested that H1 might not be a substrate of Pgp.

Pgp-mediated MDR could be reversed either by inhib-

iting their transport function or by decreasing protein

expression level of Pgp. Subsequently, we found that H1

could significantly down-regulate Pgp expression. The

MDR1 gene encodes Pgp, and overexpression of Pgp is

primarily regulated at the transcriptional level. RT-PCR

results showed that mRNA expression of MDR1 was not

affected (Fig. 4a, b). Given these above findings, it sug-

gests that H1 might affect the degradation of Pgp. At

steady state, Pgp is located in the plasma membrane and

undergoes endocytosis and recycling [19]. What is more,

studies showed that proteosome, but not lysosome,

involved in the Pgp turnover. It presented that ubiquitina-

tion of the Pgp implicated in regulating its turnover and

function [15]. On the basis of above findings, we deter-

mined the half-life of Pgp protein by cycloheximide. In

presence of H1, the Pgp protein had a shorter half-life

(13.5 h) than that (18.3 h) of the control (Fig. 4c). By the

way, we also determined the ubiquitination level of Pgp in

KBv200 cells with or without H1. As shown in Fig. 4d,

treatment with H1 increased the ubiquitination of Pgp.

These studies indicated that suppressing the expression of

Pgp by enhancing its degradation might be another strategy

to effective modulation of Pgp-mediated MDR.

Up to now, the regulatory mechanisms underlying the

expression of Pgp have not yet been well clarified. Some

studies presented that mitogen-activated protein kinases

(MAPK) pathway was associated with regulatory of Pgp

expression in Pgp-mediated MDR [20, 21]. Adenoviral

transduction of JNK has been shown to down-regulate Pgp

expression [22]. SB203580, a p38MAPK inhibitor, has

been shown to decrease Pgp expression levels in DU145

spheroids and Vcr-resistant murine leukemia L1210/Vcr

cells [23]. Recently, some groups observed that activation

of the MEK-ERK-RSK pathway enhanced Pgp expression,

while knockdown ERK and RSK down-regulated Pgp

expression in MDR cells. MEK inhibitor U0126 was found

to potently down-regulate Pgp expression. But the tran-

scriptional levels of MDR1 were not affected. Further

studies indicated that a blockade of the MEK-ERK path-

way suppressed Pgp expression by promoting its degrada-

tion [14]. Given that the relationship between MAPK

pathway and regulatory of Pgp expression, we determined

the expression of three major MAPK pathways such as

JNK, p38MAPK and ERK1/2 by using Western blot

analysis. We observed that H1 significantly suppressed

the expression level of p-ERK1/2 in a dose-dependent

manner in KBv200 cells, but the expression level of JNK

and p38MAPK was not changed (data not shown).

Moreover, H1 also inhibited upstream signaling molecular

of ERK1/2, such as p-MEK1/2 (Fig. 5). Subsequently

knockdown ERK1 and ERK2 genes by using RNA

interference, we observed that Pgp expression was

decreased in KBv200 cells (Fig 5b). In addition, we also

found that PD98059 and U0126 inhibited Pgp expression.

Based on these findings, it suggests that H1 suppressed

Pgp expression may be involve a blockade of the MEK-

ERK pathway.

Fig. 5 Effect of H1 on MEK-ERK signal pathway. After treated with

H1 for 48 h, the protein expression levels of p-MEK1/2, MEK1/2,

p-ERK1/2 and ERK1/2 in KBv200 cells was measured by Western

bolt analysis (a). Knockdown ERK1 and ERK2 genes by using RNA

interference for 48 h, KBv200 cells were collected for Western blot

analysis (b). KBv200 cells were exposed of PD98059 (50 lM) and

U0126 (10 lM), known as MEK inhibitors, for 48 h. Equal amounts

of cells lysates were used for Western blot analysis. A representative

result is shown from at least three independent experiments,

**P \ 0.01 versus control group
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In conclusion, our current study demonstrates that H1, a

novel derivative of tetrandrine, is efficacious in reversing

Pgp-mediated MDR by inhibiting transport function and

expression of Pgp. In addition, the reversal of MDR by H1

is associated with inhibition of Vrp-stimulated ATPase

activity, an increase of the ubiquitination of Pgp and the

blockade of MEK-ERK pathway. These findings demon-

strated that H1 is effectively and potential agent in

reversing Pgp-mediated MDR.
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