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Abstract: Multidrug resistance (MDR) mediated by ATP-binding cassette (ABC) transporters through efflux of anti-
neoplastic agents from cancer cells is a major obstacle to successful cancer chemotherapy. The inhibition of these
ABC transporters is thus a logical approach to circumvent MDR. There has been intensive research effort to design
and develop novel inhibitors for the ABC transporters to achieve this goal. In the present study, we evaluated the
ability of UMMS-4 to modulate P-glycoprotein (P-gp/ABCB1)-, breast cancer resistance protein (BCRP/ABCG2)- and
multidrug resistance protein (MRP1/ABCC1)-mediated MDR in cancer cells. Our findings showed that UMMS-4, at
non-cytotoxic concentrations, apparently circumvents resistance to ABCB1 substrate anticancer drugs in ABCB1-
overexpressing cells. When used at a concentration of 20 umol/L, UMMS-4 produced a 17.53-fold reversal of MDR,
but showed no effect on the sensitivity of drug-sensitive parental cells. UMMS-4, however, did not significantly alter
the sensitivity of non-ABCB1 substrates in all cells and was unable to reverse ABCG2- and ABCC1-mediated MDR.
Additionally, UMMS-4 profoundly inhibited the transport of rhodamine 123 (Rho 123) and doxorubicin (Dox) by the
ABCB1 transporter. Furthermore, UMMS-4 did not alter the expression of ABCB1 at the mRNA and protein levels.
In addition, the results of ATPase assays showed that UMMS-4 stimulated the ATPase activity of ABCB1. Taken
together, we conclude that UMMS-4 antagonizes ABCB1-mediated MDR in cancer cells through direct inhibition of
the drug efflux function of ABCB1. These findings may be useful for the development of safer and more effective
MDR modulator.
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major ABC transporters reported to confer MDR
in cancer cells [5, 6].

Introduction

Multidrug resistance (MDR) is the major cause

of cancer chemotherapy failure. It is usually
caused by the overexpression of ABC transport-
ers on cell surface of cancer cells, which use
the energy derived from ATP hydrolysis to efflux
numerous structurally and functionally unrelat-
ed anticancer drugs out of the cells [1-3]. In the
human genome, there are 48 different ABC
transporter family genes, which are divided into
seven subfamilies (A-G) based on amino acid
sequence similarities and phylogeny [4]. Among
them, the ABCB1, ABCG2 and ABCC1 are the

ABCB1, encoded by human mdrl gene, is locat-
ed on chromosome 7 of humans and is a plas-
ma membrane protein 1280 amino acids long
that consists of two homologous halves [7].
Each half contains six hydrophobic transmem-
brane domains and two ATP binding and utiliza-
tion sites [8, 9]. ABCB1 recognizes and trans-
ports a broad range of hydrophobic substrates,
either un-charged or slightly positively charged,
including most natural product anti-cancer
drugs such as colchicine, doxorubicin (daunoru-
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bicin, anthracyclines), paclitaxel (taxanes), vin-
blastine (vinca alkaloids), epipodophyllotoxins
(etoposide, teniposide) and actinomycin D
[10-12].

ABCBL1 is not only expressed in a wide variety of
cancer cells, including solid tumors and hema-
tological malignancies, but also in some normal
tissues, such as liver, kidney, pancreas and
intestine [13, 14]. Moreover, cancer cells can
become progressively refractory to antitumor
compounds during chemotherapy or at relapse
after treatment because of ABCB1 upregula-
tion [15]. Many compounds that inhibit ABCB1-
mediated transport have been studied to cir-
cumvent MDR [16, 17]. To date, a few ABCB1
inhibitors have been developed. They exhibit
potent inhibition of ABCB1 function to increase
the intracellular accumulation and anticancer
effects of conventional anticancer drugs on
MDR cancer cells in vitro and/or in vivo [18,
19]. The first-generation of ABCB1 inhibitors,
including verapamil, quinine and cyclosporin A,
were substrates of ABCB1 and significantly
inhibited the function of ABCB1 [15]. However,
they failed to show an improvement in thera-
peutic outcome and adverse effects were com-
mon in clinical trials. The second-generation of
ABCB1 modulators, PSC-388, displayed a
superior pharmacologic profile compared to the
first-generation compounds [20]. However, they
were found to inhibit the activity of CYP3A4,
which led to a decrease in the metabolism of
antineoplastic agents, thereby producing unac-
ceptable toxicity. Therefore, a lower concentra-
tion of the second-generation ABCB1 modula-
tors has to be used for MDR reversal, thus limit-
ing their clinical usefulness. The third-genera-
tion ABCB1 inhibitors, including Tariquidar
(XR9576) [21], Zosuquidar (LY335979) [22],
Laniquidar (R102933) [23], ONT-093 (0C144-
193) [24], GF120918 [25] and Biricodar (VX-
710) [26], potently reversed ABCB1-mediated
MDR in vitro and in vivo, and did not affect
CYP3A4 and the pharmacokinetic profile of
conventional chemotherapeutic agents at rele-
vant concentration. The third-generation inhibi-
tors are currently being studied for their clinical
efficacy. However, no ABCB1 inhibitor has yet
been approved for clinical use, which spurred
on efforts to search for new and more effective
ABCB1 modulators.

In a compound library of imidazole-based
ABCB1 modulators, our structure-activity rela-
tionship analysis revealed that potent ABCB1
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inhibitors are all hydrophobic compounds with
multiple amine groups. We have subsequently
selected one of the newly synthesized com-
pound, UMMS-4, N’-(4-(Dimethylamino)benzyli-
dene)-2-(4-methyl-5,5-dioxido-3-Phenyl-benz-
o[e]pyrazolo[4,3-c][1,2]thiazin-1(4H)-yl)aceto-
hydrazide, and investigated its potential ABCB1
inhibition and circumvention of MDR.

Materials and methods
Chemicals

UMMS-4, a novel synthetic compound [27],
with a molecular structure as shown in Figure
1. Rhodamine 123 (Rho 123), doxorubicin
(Dox), vincristine (VCR), paclitaxel, topotecan,
cisplatin, fumitremorgin C (FTC), 1-(4,5-dimeth-
ylthiazol-2-yl)-3,5-diphenylformazan (MTT) and
other chemicals were purchased from Sigma
Chemical Co (St. Louis, MO, USA). DMEM and
RPMI 1640 were products of Life Technologies,
Inc. Glyceraldehyde-3-phosphate dehydroge-
nase (GAPDH) antibody was purchased from
Kangchen Co. (Shanghai, China). Monoclonal
antibody against ABCB1 was from Santa Cruz
Biotechnology. Other routine laboratory rea-
gents were of analytical grade and obtained
from commercial sources.

Cell lines and cell culture

The following cell lines were cultured in DMEM
or RPMI 1640 supplemented with 10% FBS at
37°C in a humidified atmosphere of 5% CO,:
the human oral epidermoid carcinoma cell lines
KB and its vincristine-selected derivative
ABCB1-overexpressing KBv200 [28]; the hu-
man breast carcinoma cell lines MCF-7 and its
Dox-selected ABCB1-overexpressing derivative
MCF-7/adr [29]; the human colon carcinoma
cell lines S1 and its mitoxantrone-selected
derivative ABCG2-overexpressing S1-M1-80
[30]; the human leukemia cell lines HL60 and
its Dox-selected derivative ABCC1-overexpre-
ssing cell line HL60O/ADR [31] and the human
embryonic kidney cell line HEK293 stably-
transfected with pcDNA3.1 (HEK293/pcDNA-
3.1) or ABCB1 (HEK293/ABCB1) (cultured in
medium with 2 mg/ml G418) [32]. All cells were
grown in drug free culture medium for more
than 2 weeks before assay.

Cell cytotoxicity test

The MTT assay was performed to assess the
sensitivity of cells to anticancer drugs as
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described previously [33]. Briefly, cells were
seeded in 96-well plates and allowed to attach
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Figure 1. Cytotoxicity of UMMS-4 alone in the drug-
resistant and parental sensitive cancer cells. A: The
protein expression of ABCB1 in KB, KBv200, MCF-
7, MCF-7/adr, HEK293/pcDNA3.1 and HEK293/
ABCBL1. B: The structure of UMMS-4. C-G: MTT cyto-
toxicity assay was used to examine the cytotoxicity
effect of UMMS-4 alone in KB and KBv200, MCF-7
and MCF-7/adr, HEK293/pcDNA3.1 and HEK293/
ABCB1, S1 and S1-M1-80, HL60 and HL60O/ADR af-
ter drug treatment for 72 h. Each point represents
the meantstandard deviations for three indepen-
dent determinations. Each experiment was per-
formed in four replicate wells.
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overnight. Then cells were preincubated with or
without UMMS-4 (or the control inhibitor for
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ABCB1 (verapamil) or ABCG2 (FTC), respective-
ly) for 1 h, and then various concentrations of
anticancer drugs were added to the wells. After
68 h of incubation, MTT (5 mg/mL, 20 uL/well)
was added into the cells for 4 h (37°C).
Afterwards, the medium was discarded, and
200 pL of dimethylsulfoxide (DMSO) was added
to dissolve the formazan product from the
metabolism of MTT. Optical density was mea-
sured at 540 nm with background subtraction
at 670 nm by use of the Model 550 Microplate
Reader (BIO-RAD, Hercules, CA, USA). The con-
centration required to inhibit cell growth by
50% (IC,,) was calculated from survival curves
using the Bliss method. The degree of resis-
tance was estimated by dividing the IC_ for the
MDR cells by that of the parental sensitive
cells. The fold-reversal factor of MDR was cal-
culated by dividing the IC, of the anticancer
drug in the absence of UMMS-4 by that
obtained in the presence of UMMS-4.

Rho 123 and Dox accumulation

The effect of UMMS-4 on the cellular accumula-
tions of Rho 123 and Dox was measured by
flow cytometry. Briefly, the cells were seeded in
6-well plates and then incubated with UMMS-4
at desired concentration at 37°C for 3 h. Then
10 pmol/L Dox or 5 mmol/L Rho 123 was
added and further incubated for another 3 h or
0.5 h, respectively. Following this incubation,
the cells were collected and washed twice with
ice-cold PBS. Finally, the cells were resuspend-
ed in PBS and intracellular fluorescence was
measured by flow cytometric analysis. Ver-
apamil was used as a positive control ABCB1
inhibitor [34]. The relative values were identi-
fied by dividing the fluorescence intensity of
each measurement by that of control cells.

Western blot analysis

Identical amounts of total cell lysates (50 pg of
protein), from cells treated with a range of con-
centration of UMMS-4, were resolved using
SDS-PAGE and transferred onto PVDF mem-
branes. After incubation in a blocking solution
containing 5% skim milk in TBST buffer (10
mmol/L Tris-HCI [pH 8.0], 150 mmol/L NacCl,
and 0.1% Tween 20) for 1 h at room tempera-
ture, the membranes were immunoblotted
overnight with primary anti-ABCB1 (1:200 dilu-
tion) and anti-GAPDH (1:200 dilution) antibod-
ies at 4°C, and were then incubated overnight
at 4°C with HRP-conjugated secondary anti-
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body (1:1000 dilution). Protein-antibody com-
plexes were detected using chemiluminesc-
ence.

Reverse transcription-PCR analysis of ABCB1
expression

After treating the ABCB1-overexpressing cells
(KBv200 or MCF-7/adr) with a range of different
concentrations and for different duration of
UMMS-4, total cellular RNA was isolated by
Trizol Reagent (Molecular Research Center,
USA) RNA extraction kit following manufactur-
er's instruction. The first strand cDNA was syn-
thesized by Oligo dT primers. Specific PCR prim-
ers used were 5’-GTGGG-GCAAGTCAGTTCATT-3’
(forward) and 5-TCTTCACCTCCAGGCTCAGT-3’
(reverse) for ABCB1 and 5-GAGTCAACGGAT-
TTGGTCGT-3’ (forward) and 5-GATCTCGCTCCT-
GGAAGATG-3’ (reverse) for GAPDH. Using the
GeneAmp PCR system 9700 (PE Applied
Biosystems, USA), PCR amplification reactions
were carried out at 94°C for 2 min for initial
denaturation, and then at 94°C for 30 s, 58°C
for 30 s, and 72°C for 1 min. After 35 cycles of
amplification, an additional extension was done
at 72°Cfor 10 min. PCR products were resolved
and examined by 1.5% agarose gel electropho-
resis. Expected reverse transcription-PCR
(RT-PCR) products were 222 bp for ABCB1 and
224 bp for GAPDH, respectively.

Real-time PCR was performed by the Bio-Rad
CFX96TM Real-Time (Applied Biosystems, USA).
The geometric mean of the GAPDH was used as
an internal control to normalize the variability in
expression levels. The primers used for ABCB1
and GAPDH were the same as described above.
The PCR reactions were performed at 50°C for
2 min, 95°C for 5 min and 40 cycles at 95°C for
15 s, 60°C for 30 s. Relative quantification of
ABCB1 was performed using the 2-22°t method
[35]. To ensure reproducibility of the results, all
real time PCR analyses were performed in trip-
licate and in three independent experiments.

Dox efflux studies

Dox efflux was determined following a modifica-
tion of methods described earlier [36]. KB and
KBv200 cells were incubated with 10 umol/L
Dox for 3 h at 37°C. Each sample was washed
twice with ice-cold PBS, and then resuspended
in Dox-free buffer with or without 20 umol/L
UMMS-4. Thereafter, at O, 15, 30, 60 and 120
min, cells were collected and washed again
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twice with ice-cold PBS, and analyzed with flow
cytometry.

ABCB1 ATPase activity assay

A colorimetric ATPase assay was performed as
previously described with minor modification
[37]. Briefly, crude membranes isolated from
High Five insect cells expressing ABCB1 (20 ug
protein/sample) were incubated in ATPase
assay buffer (50 mmol/L MES [pH 6.8], 50
mmol/L KCI, 5 mmol/L sodium azide, 2 mmol/L
EGTA, 2 mol/L DTT, 1 mmol/L ouabain, 10
mmol/L MgCL,] with or without 0.3 mol/L sodi-
um orthovanadate at 37°C for 5 min and then
incubated with different concentrations of
UMMS-4 at 37°C for 5 min. The ATPase reac-
tion was induced by the addition of 5 mmol/L
Mg-ATP and the total volume was 60 L. After
incubation at 37°C for 20 min, the reactions
were stopped by loading 30 L of 10% SDS solu-
tion. Specific UMMS-4-stimulated ABCB1 ATP-
ase activity (i.e. vanadate-sensitive) was deter-
mined as the difference between the amounts
of inorganic phosphate (Pi) released from ATP
in the absence and presence of sodium
orthovanadate. The amount of Pi released was
estimated by comparing to a standard curve.

Statistical analysis

Results are shown as means*SD, unless other-
wise indicated. All experiments were repeated
at least three times and the differences were
determined by using the Student’s t-test. The
statistical significance was determined to be
P<0.05.

Results

UMMS-4 potentiated the sensitivity of antican-
cer agents in ABCB1-overexpressing cells but
not in ABCG2- or ABCC1-overexpreesing cells

The overexpression of the three major MDR
transporters was first verified in the resistant
cell lines used in the study by Western blot
analysis. ABCB1 was overexpressed in KBv200,
MCEF-7/adr and HEK293/ABCB1 cells, whereas
ABCG2 and ABCC1 were overexpressed in
S1-M1-80 and HL60O/ADR cells, respectively
(Figure 1A). The basal expression of ABCB1,
ABCG2 and ABCC1 was undetectable in their
respective parental cell lines. MTT assay was
then performed to examine the cytotoxic effect
of UMMS-4 alone on these cell lines. The
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results showed that UMMS-4, at up to 20
pmol/L, had no appreciable cytotoxic effect to
all cell lines used in this study, and more 90%
cells were survived (Figure 1C-G). Therefore, 20
pmol/L was used as the highest MDR reversal
concentration of UMMS-4 in all subsequent
analyses.

To investigate the possible reversal effect of
UMMS-4 on ABCB1-, ABCG2- and ABCC1-
mediated MDR, the cytotoxic effect of several
chemotherapeutic agents in various pairs of
sensitive and resistant cells was tested with or
without the addition of a range of different con-
centration of UMMS-4 (5, 10, or 20 ymol/L). A
control ABCB1 inhibitor (verapamil, 10 umol/L)
was used for comparison. As expected, the five
MDR cell lines are highly resistant to to the vari-
ous chemotherapeutic agents than their paren-
tal cell lines. With the addition of UMMS-4, only
ABCB1-mediated resistant cells were found to
be sensitized. The mean IC_, values of chemo-
therapeutic agents in different cell lines in the
absence or presence of different concentration
of UMMS-4 are summarized in Tables 1 and 2.
Interestingly, only in ABCBZ1-overexpressing
cells, UMMS-4 was found to enhance the cyto-
toxicity of Dox (1.98, 7.88, and 3.50-fold), VCR
(2.27, 6.76, and 17.53-fold) and paclitaxel
(1.58, 3.40, and 8.93-fold) in a concentration-
dependent manner in KBv200 cells or Dox
(1.33, 2.44, and 7.28-fold) in MCF-7/adr cells
(Table 1). Moreover, UMMS-4 was also found to
remarkably decrease ABCBI1-mediated resis-
tance to Dox (1.68, 4.31, and 9.13-fold) in the
ABCB1-transfected HEK293/ABCB1 cell line in
a concentration-dependent manner (Table 2).
On the other hand, UMMS-4 did not alter the
cytotoxicity of non-ABCB1 substrates (cisplatin)
in either MDR cells or their parental sensitive
cells (Tables 1 and 2). In addition, UMMS-4 did
not affect the sensitivity of the drug-sensitive
parental cells to any antineoplastic drugs used
in our study (Tables 1 and 2). Furthermore, as
illustrated in Table 1, UMMS-4 also did not
affect the anticancer drug activity in ABCG2-
(51-M1-80) or ABCC1-overexpressing (HL60O/
ADR) cells, respectively. Taken together, our
results suggest that UMMS-4 selectively sensi-
tized ABCB1-overexpressing cells to antineo-
plastic drugs that are ABCB1 substrates.

UMMS-4 increased the accumulation of Rho
123 and Dox in ABCB1-overexpressing cells

The results above indicated that UMMS-4 could
enhance the sensitivity of ABCB1-overexp-
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Table 1. Effect of UMMS-4 on reversing ABCB1-, ABCC1- and ABCG2-mediated MDR in pairs of sensi-
tive and drug-resistant cell lines

IC..£SD (uM) (fold-reversal)

50

Compounds
KB KBv200 (ABCB1-overexpressing)
Doxorubicin 0.05349+0.0085 (1.00) 3.6186+0.0196 (1.00)
+5 yM UMMS-4 0.0467+0.0077 (1.14) 1.8249+0.0331"" (1.98)
+10 uM UMMS-4 0.0358+0.0058 (1.49) 1.0338+0.0261™ (3.50)
+20 yM UMMS-4 0.0332+0.0065 (1.61) 0.4589+0.0198™ (7.88)
+10 uM Verapamil 0.0360+0.0085 (1.48) 0.2324+0.0162™ (15.57)
Vincristine 0.0026+0.0002 (1.00) 0.2227+0.0073 (1.00)
+5 uM UMMS-4 0.0019+0.0006 (1.36) 0.0979+0.0093"" (2.27)
+10 yM UMMS-4 0.0020+0.0005 (1.30) 0.0329+0.0035™ (6.76)
+20 yM UMMS-4 0.0013+£0.0001 (2.00) 0.0127+0.0008"" (17.53)
+10 uM Verapamil 0.0012+0.0004 (2.16)" 0.0070+£0.0010 (31.81)
Paclitaxel 0.0018+0.0001 (1.00) 0.1277+0.01166 (1.00)
+5 uM UMMS-4 0.0017+0.0002 (1.05) 0.0806+0.0033" (1.58)
+10 uM UMMS-4 0.0017+0.0001 (1.05) 0.0376+0.0039™ (3.40)
+20 yM UMMS-4 0.0017+0.0001 (1.05) 0.0143+0.0025™ (8.93)
+10 uM Verapamil 0.0012+0.0001 (1.50)" 0.0100+0.0012™ (12.77)
Cisplatin 1.9952+0.0588 (1.00) 2.1979+0.2002 (1.00)
+20 yM UMMS-4 2.0639+0.2491 (0.97) 2.0432+0.3123 (1.07)
+10 uM Verapamil 2.1256+0.1013 (0.94) 1.9593+0.2829 (1.12)
MCF-7 MCF-7/adr (ABCBZ1-overexpressing)
Doxorubicin 0.1895+0.0043 (1.00) 9.5213+ 0.7970 (1.00)
+5 uM UMMS-4 0.2037+0.0072 (0.93) 7.1759+0.1970" (1.33)
+10 uM UMMS-4 0.1730+0.0065 (1.09) 3.9058+0.0422*" (2.44)
+20 yM UMMS-4 0.1413+0.0228 (1.34) 1.3508+0.032*" (7.28)
+10 uM Verapamil 0.1812+0.0129 (1.05) 0.8076+0.0196™ (11.80)
Cisplatin 15.3195+0.0652 (1.00) 15.3670+0.0542 (1.00)
+20 yM UMMS-4 16.2365+0.0433 (0.94) 15.9191+0.0493 (0.97)
+10 uM Verapamil 14.7376+0.1182 (1.03) 17.3571+£0.0615 (0.89)
HL60 HL60/ADR (ABCC1-overexpressing)
Doxorubicin 0.0338+0.0004 (1.00) 2.4398+0.3303 (1.00)
+5 uM UMMS-4 0.0319+0.0021 (1.06) 2.4095+0.2344 (1.02)
+10 uM UMMS-4 0.0387+0.0017 (0.87) 2.5466+0.5358 (0.96)
+20 yM UMMS-4 0.0334+0.0044 (1.01) 2.2553+0.4540 (1.08)
+40 uM MK571 0.0248+0.0021 (1.36) 0.2590+0.0498™ (9.42)
S1 S1-M1-80 (ABCG2-overexpressing)
Topotecan 0.2112+0.0281 (1.00) 11.127+40.1310 (1.00)
+5 uM UMMS-4 0.1772+0.0323 (1.19) 11.068+0.2126 (1.05)
+10 uM UMMS-4 0.2199+0.0261 (0.96) 9.534+0.3519 (1.16)
+20 yM UMMS-4 0.1849+0.0372 (1.40) 9.382+0.3394 (1.18)
+2.5 uM fumitremorgin C 0.1817+0.09 (1.16) 0.608+0.0843™ (18.30)

Drug cytotoxicity was evaluated by MTT assay as described in Materials and Methods. Data are shown as the meanztstandard
deviation (SD) of at least three independent experiments performed in triplicate. The fold-reversal of MDR (values given in
parentheses) was calculated by dividing the IC_ for cells with the chemotherapeutic drugs in the absence of inhibitor by that
obtained in the presence of inhibitor. *, p<0.05; **, p<0.01, for values versus that obtained in the absence of UMMS-4, vera-
pamil, MK571 or FTC.

ressing cells to ABCB1 substrate chemothera-
peutic agents. To understand the underlying

mechanism, we measured the effect of UMMS-
4 on the accumulation of a ABCB1 substrate
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Table 2. Effect of UMMS-4 on reversing ABCB1- mediated MDR in transfected cell lines

IC..£SD (uM) (fold-reversal)

50—

Compounds
HEK293/pcDNA3.1 HEK293/ABCB1

Doxorubicin 0.05916+0.0084 (1.00) 2.2052+0.2501 (1.00)
+5 uM UMMS-4 0.0490+0.0069 (1.20) 1.3077+0.0492"" (1.68)
+10 yM UMMS-4 0.0542+0.0053 (1.09) 0.5115+0.0306™" (4.31)
+20 yM UMMS-4 0.0486+0.0031 (1.212) 0.2415+0.0087" (9.13)
+10 uM Verapamil 0.0545%0.008 (1.08) 0.1242+0.0249"" (17.69)

Cisplatin 4.3149+0.1850 (1.00) 6.4096+0.2586 (1.00)
+20 yM UMMS-4 6.1039+0.3488 (0.71) 6.3202+0.3918 (1.01)
+10 uM Verapamil 2.9149+0.1246 (1.47) 6.0898+0.2288 (1.05)

Drug cytotoxicity was evaluated by MTT assay as described in Materials and Methods. Data are presented as means+SD (uM)
from at least three independent experiments performed in triplicate. The fold reversal of MDR (values given in parentheses)
was calculated by dividing the IC, for cells with the anticancer drugs in the absence of inhibitor by that obtained in the pres-
ence of inhibitor. **P<0.01, significantly different from those obtained in the absence of inhibitor.
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Figure 2. Effect of UMMS-4 on the cellular accumulation of Dox. The accumulation of Dox in KB, KBv200 (A) and
in MCF-7, MCF-7/adr (C) was measured by flow cytometric analysis as described in materials and methods. The re-
sults are summarized by plotting in histograms the fold change in fluorescence intensity relative to that in untreated
(control) MDR cells (B and D). Columns, means of triplicate determinations; bars, SD. *, P<0.05; **, P<0.01, versus
the MDR control group, respectively.
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Dox in ABCB1-overexpressing cells and their
parental cells in the absence or presence of
UMMS-4. UMMS-4, at 5, 10, and 20 ymol/L,
concentration-dependently increased the intra-
cellular accumulation of Dox in all ABCB1-
overexpressing cells (Figure 2). It is noted that
the increase in Dox accumulation by UMMS-4
at 20 ymol/L was similar to that achieved by
verapamil (@ known ABCB1 inhibitor) at 10
umol/L. The fluorescence index of Dox in the
presence of UMMS-4 was increased by 1.35-,
1.87-, and 2.35-fold in KBv200 cells; 1.09-,
1.66-, and 2.07-fold in MCF-7/adr cells, respec-
tively (Figure 2B, 2D). However, UMMS-4 did
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not significantly alter the intracellular accumu-
lation of Dox in parental cells.

Subsequently, we examined the intracellular
accumulation of Rho 123 (a fluorescent probe
ABCB1 substrate) in the same set of ABCB1-
overexpressing cell lines. As depicted in Figure
3, after incubating with 5, 10, or 20 ymol/L of
UMMS-4, Rho 123 accumulation was signifi-
cantly enhanced by 2.00-, 3.30-, and 8.31-fold
in KBv200 cells; and 1.87-, 5.59-, and 9.03-
fold in MCF-7/adr cells, respectively. However,
in the drug sensitive cells, UMMS-4 did not
appreciably alter the intracellular accumulation
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Figure 4. Effect of UMMS-4 on the efflux of Dox and on ABCB1
ATPase activity. Time course of DOX efflux was measured in
KB and KBv200 cells, with or without 20 uM UMMS-4 (A).
Vanadate-sensitive ATPase activity of ABCB1 (B). The ATP hy-
drolysis in membrane vesicles was determined with different
concentrations of UMMS-4, as described in “Materials and
Methods”. All experiments were repeated at least three times.
Data shown are means=SD for independent determinations in

triplicate.

of Rho 123 (Figure 3). The increase in Rho 123
accumulation by the reference ABCB1 inhibitor
(verapamil, 10 umol/L) was found to be 17.81
and 17.90-fold, respectively, in KBv200 and
MCF-7/adr cells. Taken together, these data
suggested that UMMS-4 was able to directly
inhibit the drug efflux function of ABCB1, result-
ing in the increase of the intracellular accumu-
lation of Rho 123 and Dox.

UMMS-4 inhibited the efflux of Dox in MDR
cells overexpressing ABCB

To further investigate whether UMMS-4 inhibit-
ed the transport function of ABCB1, the efflux
of Dox was examined by flow cytometry in
ABCB1-overexpressing MDR cells and their
parental cells. The efflux of Dox after an initial 3
h drug loading was traced over 2 h and the
result was shown in Figure 4A. As expected,
the extent of Dox efflux from the ABCB1-
overexpressing KBv200 cells was remarkably
greater than that in the parental KB cells (at 60
min, 63+4.8% efflux in KBv200 versus only
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15+4.1% efflux in KB cells). Importantly,
UMMS-4 was found to significantly inhibit
Dox efflux from KBv20O0 cells but it had no
effect on the parental KB cells. At 120
min, 47+4.6% of accumulated Dox was
pumped out of KBv20O0 cells in the pres-
ence of 20 pmol/L UMMS-4, whereas
69+3.2% of accumulated Dox was lost
from KBv200 cells in the absence of
UMMS-4. On the other hand, approximate-
ly the same extent of Dox efflux was
observed in KB cells in the absence
(23£6.6%) and in the presence (18+4.8%)
of 20 ymol/L UMMS-4. These results indi-
cated that UMMS-4 specifically inhibited
the efflux function of ABCB1.

UMMS-4 activated the ATPase activity of
ABCB1

When ABC transporters interact with their
modulators, their ATPases are known to be
stimulated in order to generate energy
from ATP hydrolysis to mediate drug efflux.
To provide evidence as to whether UMMS-
4 interacts with ABCB1, we measured
ABCB1 ATPase activity after incubating
crude membrane from ABCB1-overexpre-
ssing sf6 cells with a range of concentra-
tions of UMMS-4. Sodium orthovanadate
was added in our assay to suppress other major
membrane ATPases, therefore our measure-
ment should be specific for ABCB1. As shown in
Figure 4B, UMMS-4 stimulated ABCB1 ATPase
activity in a concentration-dependent manner.
The data suggests that UMMS-4 interacts with
ABCBL1.

UMMS-4 did not affect the expression of
ABCB1 at mRNA or protein level

The reversal of ABCB1-mediated MDR can be
achieved either by inhibiting the transport func-
tion or by lowering the expression of the trans-
porter. Therefore, we determined the effect of
UMMS-4 on the protein and mRNA expression
of ABCB1 by Western blot and RT-PCR analy-
ses, respectively. The results showed that
UMMS-4, at 5, 10, 20, and 40 ymol/L, did not
appreciably alter the protein expression of
ABCB1 in KBv200 and MCF-7/adr cells (Figure
5A, 5B). Moreover, quantitative real-time PCR
results indicated that there was no significant
difference in the expression of ABCB1 mRNA in
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Figure 5. Effect of UMMS-4 on mRNA and protein expression of ABCB1 in MDR cells. KBv200 (A and B) and MCF-7/
adr (C and D) were treated with UMMS-4 at a range of concentrations for 48 h or for various time up to 72 h at 20
umol/L. Equal amounts of total cell lysates were loaded and detected by Western blot analysis. A representative set
of images from at least three independent experiments is shown. The mRNA level of ABCB1 was determined by PCR

and RT-PCR as described in Materials and Methods.

both KBv200 and MCF-7/adr cells after treat-
ment with UMMS-4 at up to 40 umol/L (Figure
5C, 5D). These data suggested that the rever-
sal of MDR is most likely obtained by inhibition
of the efflux function of ABCB1 as opposed to
the downregulation of ABCB1 mRNA or protein
expression.

Discussion

Cancer has become an emerging public health
problem for its high morbidity and mortality
[38, 39]. Overexpression of the efflux transport-
er ABCB1 in cancer cells is well known as a
major obstacle to successful chemotherapy
because of its contribution to multidrug resis-
tance during anticancer treatment [40, 41]. The
basal expression of ABCB1 in some solid
tumors is known to be relatively high, which
cause intrinsic resistance to anticancer drugs.
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Moreover, it has also been reported that numer-
ous anticancer drugs can induce the mdrl
gene, subsequently leading to acquired resis-
tance. As a molecular prognostic marker,
ABCB1 is also implicated in treatment failure,
poor outcome, short survival time and low CR
rate. Research efforts to overcome multidrug
resistance have primarily focused on the inhibi-
tion of the ABCB1 transporter function in resis-
tant cancer cells. Therefore, the combination of
anticancer drugs with a non-toxic and potent
ABCBL1 inhibitor may be a promising approach
to solve the MDR problem. Since the discovery
of verapamil and cyclosporin A as ABCB1 inhibi-
tors and MDR reversing agents 30 years ago,
significant efforts have been made to search
and design specific ABCB1 inhibitors for MDR
reversal. However, to date, none of the reported
ABCBL1 inhibitors have been approved for clini-
cal use because of intolerable toxicity or unpre-
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Figure 6. A schematic overview of the effect of UMMS-4 on inhibiting function of ABCB1 transporter.

dictable pharmacokinetic drug-drug interac-
tions. Therefore, the development of more effi-
cacious, non-toxic and less expensive ABCB1
inhibitors is still warranted to help reverse MDR
in cancer cells [42].

UMMS-4, which shows low cytotoxic activity in
our study, is a hydrophobic compound with mul-
tiple amine groups, which fits well in our struc-
ture activity relationship characteristic for
ABCB1 inhibitors. Therefore, in present study,
we investigated the MDR reversing effect of
UMMS-4 on ABCB1-, ABCG2- and ABCC1-
overexpressing cells. Our result showed that
UMMS-4 significantly and specifically sensi-
tized ABCB1-overexpressing cells to doxorubi-
cin and paclitaxel. At concentration up to 20
umol/L, UMMS-4 did not appreciably affect the
cytotoxicity of anticancer drugs in the parental
sensitive KB, MCF-7, S1 or HEK293/pcDNA3.1
cells used in this study. Moreover, UMMS-4
also did not affect the cytotoxicity of cisplatin,
which is not a substrate of ABCB1, in both sen-
sitive and resistant cells. In addition, UMMS-4
had no significant effect on sensitivity of ABCG2
and ABCC1-overexpressing cells to their respec-
tive substrate anticancer drugs. These data
indicated that the reversing ability of UMMS-4
was specific to ABCB1. The drug accumulation
and efflux assay using the ABCB1 substrates
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(Rho 123 and Dox) also demonstrated that
UMMS-4 is specifically inhibiting the efflux
activity of ABCB1. Since ABCB1 mRNA and pro-
tein expressions were not affected by UMMS-4
treatment (up to 72 h), the MDR reversing effect
of UMMS-4 is not related to the regulation of
the transporter expression. ABCB1 is known to
utilize energy from ATP hydrolysis to mediate its
drug efflux activity. Therefore, ABCB1 ATPase
activity, measured by the rate of ATP hydrolysis,
is directly proportional to its transport activity
[9]. Our result revealed that UMMS-4 stimulat-
ed ABCB1 ATPase activity in a concentration-
dependent manner, suggesting an interaction
between UMMS-4 and ABCB1. UMMS-4 may
potentially be a substrate of ABCB1 (Figure 6).

In summary, UMMS-4 was found to inhibit the
drug efflux activity of ABCB1 at non-toxic con-
centrations. The combination of UMMS-4 with
other anticancer drugs that are substrates of
ABCB1 may be useful in surmounting clinical
drug resistance in cancer chemotherapy.
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