
Inhibition of P-glycoprotein (ABCB1)- and multidrug
resistance-associated protein 1 (ABCC1)-mediated
transport by the orally administered inhibitor, CBT-1W

Robert W. Robey a,*, Suneet Shukla b, Elizabeth M. Finley a, Robert K. Oldham c,
Daryl Barnett c, Suresh V. Ambudkar b, Tito Fojo a, Susan E. Bates a

aMedical Oncology Branch, Center for Cancer Research, National Institutes of Health, Bethesda, MD 20892, United States
b Laboratory of Cell Biology, Center for Cancer Research, National Institutes of Health, Bethesda, MD 20892, United States
cCBA Research, Inc., 670 Perimeter Drive, Lexington, KY 40517, United States

b i o c h e m i c a l p h a r m a c o l o g y 7 5 ( 2 0 0 8 ) 1 3 0 2 – 1 3 1 2

a r t i c l e i n f o

Article history:

Received 19 September 2007

Accepted 4 December 2007

Keywords:

P-glycoprotein

MRP1

ABCG2

CBT-11

Drug resistance

Inhibitor

a b s t r a c t

Cellular expression of ATP-binding cassette (ABC) transport proteins, such as P-glycoprotein

(Pgp), multidrug resistance-associated protein (MRP1), or ABCG2, is known to confer a drug-

resistant phenotype. Thus, the development of effective transporter inhibitors could be of

value to cancer treatment. CBT-11 is a bisbenzylisoquinoline plant alkyloid currently in

development as a Pgp inhibitor. We characterized its interactions with the three major ABC

transporters associated with drug resistance – Pgp, MRP1 and ABCG2 – and compared it to

other known inhibitors. CBT-11 completely inhibited rhodamine 123 transport from Pgp-

overexpressing cells at a concentration of 1 mM. Additionally, 1 mM completely reversed Pgp-

mediated resistance to vinblastine, paclitaxel and depsipeptide in SW620 Ad20 cells. CBT-11

was found to compete [125I]-IAAP labeling of Pgp with an IC50 of 0.14 mM, and low concen-

trations of CBT-11 (<1 mM) stimulated Pgp-mediated ATP hydrolysis. In MRP1-overexpres-

sing cells, 10 mM CBT-11 was found to completely inhibit MRP1-mediated calcein transport.

CBT-11 at 25 mM did not have a significant effect on ABCG2-mediated pheophorbide a

transport. Serum levels of CBT-11 in samples obtained from eight patients receiving CBT-11

increased intracellular rhodamine 123 levels in CD56+ cells 2.1- to 5.7-fold in an ex vivo

assay. CBT-11 is able to inhibit the ABC transporters Pgp and MRP1, making it an attractive

candidate for clinical trials in cancers where Pgp and/or MRP1 might be overexpressed.

Further clinical studies with CBT-11 are warranted.
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1. Introduction

Cellular mechanisms of drug resistance fall generally into two

classes: those that prevent drugs from reaching their target

and those that cause genetic changes that affect drug

sensitivity [1]. ATP-binding cassette (ABC) transport proteins
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are known to induce resistance due to their ability to lower

intracellular drug concentrations in an energy-dependent

manner [1]. P-glycoprotein (Pgp), the product of the MDR1

(ABCB1) gene, has been studied extensively and is known

to transport a wide range of chemotherapy drugs such as

the anthracyclines, vinca alkaloids, taxanes, etoposide,
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mitoxantrone, bisantrene and the histone deacetylase inhi-

bitor depsipeptide [1–3]. Subsequent to the discovery of Pgp,

the multidrug resistance-associated protein, MRP1 (ABCC1),

was cloned from lung carcinoma cells selected in doxorubicin

[4] and was found to confer resistance to etoposide, vincristine

and doxorubicin [5]. The most recently reported ABC trans-

porter associated with drug resistance, ABCG2, is a half-

transporter whose substrates include mitoxantrone, topote-

can, and flavopiridol [6].

Determining the contribution of Pgp to clinical drug

resistance in cancer has not been an easy task, in no small

part due to the lack of uniformity in methods used to measure

Pgp expression [7]. However, several studies have described

increased Pgp expression after initial chemotherapy treat-

ment, especially in leukemia and breast cancer [8]. Pgp

expression has also repeatedly been linked to poor outcome

in some forms of leukemia [8,9]. Targeting Pgp has led to the

development of Pgp inhibitors that are able to block transport

of substrates and increase intracellular accumulation. Many

inhibitors have been tested in clinical trials, but definitive

proof that inhibition of drug efflux can improve clinical

outcome has not been forthcoming. The ‘‘first generation’’ Pgp

inhibitors, generally compounds already used to treat other

conditions, lacked sufficient potency and early clinical trials

were largely unsuccessful [10]. ‘‘Second generation’’ Pgp

inhibitors such as valspodar (PSC833) were potent but had

deleterious pharmacokinetic interactions leading to some

patients receiving inadequate levels of chemotherapy [10].

Some ‘‘third generation’’ compounds, such as elacridar and

tariquidar, have been developed and are currently being

explored in the clinic [11,12]; however, the merits of this

treatment strategy have been debated and relatively few trials

are ongoing.

Large-scale studies linking MRP1 expression to drug

resistance in cancer are lacking. MRP1 expression has been

found in lung carcinoma samples with incidences of 80% in

SCLC to 100% in NSCLC [8,13,14]. CNS cancers have also been

reported to express MRP1 [15]. MRP1 has been detected in

leukemia samples by functional assays [16,17], and co-

expression of MRP1 with Pgp has been found to be a negative

prognostic factor in AML [17]. ABCG2, still in its relative infancy

as a transporter, has not yet been conclusively linked to

clinical drug resistance, although at least one large-scale study

linked expression to poor outcome in acute myelogenous

leukemia [18].

Recently, a cDNA array analysis of 170 pretreatment acute

myeloid leukemia samples classified the samples in six

separate groups based on unsupervised clustering of the gene

expression profiles using the HG_U95Av2 microarray [19].

These groups differed in clinical outcome; impressively, one of

the groups with the highest poorest outcome exhibited ABC

transporter overexpression [19]. Thus, despite the difficulties

experienced to date in the clinical development of ABC

transporter inhibitors, results such as these suggest that

there is ample reason to continue this effort.

CBT-11 is an orally administered, bisbenzylisoquinoline

plant alkyloid currently being developed as a Pgp inhibitor by

CBA Research Inc. Phase I trials with CBT-11 and paclitaxel or

doxorubicin have been completed [20,21] and phase II and III

trials are currently in progress. The initial phase I studies
demonstrated that CBT-11 did not affect the pharmacoki-

netics of doxorubicin or paclitaxel and no neurological

toxicities were observed [20,21]. As the clinical development

of CBT-11 progressed, it became important to biochemically

characterize the interactions between CBT-11 and the ABC

transporters shown to transport chemotherapeutic agents,

and to compare this agent to known Pgp inhibitors. Thus, we

confirmed the ability of CBT-11 to inhibit Pgp-mediated

rhodamine transport, prevent Pgp-mediated drug resistance,

compete [125I]iodoarylazidoprazosin (IAAP) photolabeling of

Pgp, and stimulate ATPase activity. CBT-11 was also found to

block MRP1-mediated transport in cell line models, but had no

effect on ABCG2-mediated transport.
2. Materials and methods

2.1. Chemicals

Vinblastine sulfate, rhodamine 123, mitoxantrone and pacli-

taxel were obtained from Sigma Chemical (St. Louis, MO).

Depsipeptide (NSC630176, FR901228, FK228) was provided by

the National Cancer Institute Anticancer Drug Screen

(Bethesda, MD). Tariquidar was obtained from Xenova

Research (Slough, Berkshire, UK). Valspodar was a gift from

Novartis Pharmaceuticals (Cambridge, MA). MK-571 was

purchased from EMD Biosciences (San Diego, CA). Calcein

AM was obtained from Invitrogen Corporation (Carlsbad, CA).

Pheophorbide a was purchased from Frontier Scientific (Logan,

UT). FTC was isolated by Thomas McCloud, Developmental

Therapeutics Program, Natural Products Extraction Labora-

tory, National Institutes of Health (Bethesda, MD). [125I]-

iodoarylazidoprazosin (IAAP) (2200 Ci/mM) was purchased

from PerkinElmer Life Sciences (Wellesley, MA).

2.2. Cell lines

SW620 parental and Pgp-overexpressing, doxorubicin-

selected SW620 Ad5, Ad20 and Ad300 cells have been

previously described and are maintained in RPMI-1640

medium, with the drug selected sublines additionally main-

tained in 5, 20, or 300 ng/ml adriamycin [22]. Empty-vector

transfected human embryonic kidney (HEK293) pcDNA3-10

cells, ABCB1-transfected MDR-19 cells and ABCG2-transfected

R-5 cells are maintained in Eagle’s medium with 2 mg/ml G418

as previously described [23]. ABCC1-transfected cells are

maintained in 5 mM etoposide [24].

2.3. Flow cytometry

Cells were trypsinized and incubated for 30 min in complete

medium (phenol red-free Richter’s medium with 10% FCS and

penicillin/streptomycin) with the desired fluorescent sub-

strate (0.5 mg/ml rhodamine 123, 1 mM pheophorbide a (PhA) or

0.2 mM calcein AM) in the presence or absence of the desired

inhibitor for 30 min at 37 8C in 5% CO2. Subsequently, cells

were washed and incubated in substrate-free medium for 1 h

at 37 8C continuing with or without inhibitor. Transport of

mitoxantrone (3 mM) was examined in a similar manner [25].

To determine the duration of inhibition by the various Pgp
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inhibitors, cells were incubated with 0.5 mg/ml rhodamine 123

alone or rhodamine and various concentrations of CBT-11 or

other known inhibitors for 30 min at 37 8C in 5% CO2. Matched

samples were then washed and allowed to incubate in

rhodamine-free medium for 30, 60 or 120 min, after which

intracellular rhodamine fluorescence was determined. To

determine significant difference between intracellular fluor-

escence values, a Student’s t-test was performed with p < 0.05

considered significant.

Human serum samples were obtained on day 6 from

patients enrolled on a phase II study of oral CBT-11 in a

chemotherapy regimen; all patients gave informed consent.

Samples were received and analyzed under an Institutional

Review Board-approved National Cancer Institute protocol

that permits testing of patient samples obtained from outside

institutions. Serum samples from the phase II study as well as

serum from a normal volunteer were diluted 1:1 with complete

medium containing 1 mg/ml rhodamine 123, resulting in a final

rhodamine concentration of 0.5 mg/ml, and were added to

mononuclear cells from a normal volunteer and were

incubated at 37 8C for 30 min. Serum from a normal volunteer

was run in parallel and diluted 1:1 with medium containing

1 mg/ml rhodamine with 6 mg/ml valspodar, 20, 2 or 0.2 mM

CBT-11 that was then added to mononuclear cells to serve as

positive controls. This resulted in a final concentration of

0.5 mg/ml rhodamine with 3 mg/ml valspodar, 10, 1, or 0.1 mM

CBT-11. Cells were then washed and allowed to incubate for

1 h continuing with control serum or patient serum diluted 1:1

with rhodamine-free medium. Cells incubated with rhoda-

mine and valspodar or CBT-11 were washed and incubated

with control serum diluted 1:1 with rhodamine-free medium

containing the inhibitors. After 1 h at 37 8C, the cells were

incubated with phycoerythrin-labeled anti-CD56 antibody (BD

Bioscience) as previously described, and intracellular rhoda-

mine fluorescence in CD56+ cells was measured [26].

Rhodamine and calcein fluorescence was measured on a

FACSort flow cytometer equipped with a 488 nm argon laser

and 530 nm bandpass filter; phycoerythrin fluorescence was

measured with a 570 nm bandpass filter. Pheophorbide a or

mitoxantrone fluorescence was measured with a 635 nm red

diode laser and a 561 nm longpass filter. At least 10,000 events

were collected for all samples and debris was eliminated by

gating on forward versus side scatter; dead cells were excluded

based on propidium iodide staining.

2.4. Cytotoxicity assays

Four-day cytotoxicity assays were performed based on the

method of Skehan et al. [27]. Briefly, cells were plated (5000–

10,000 cells/well) in 96-well, flat-bottom plates and allowed to

attach overnight at 37 8C in 5% CO2. Chemotherapeutic agents

were subsequently added to the cells at various concentra-

tions and allowed to incubate for 96 h. Cells were then fixed

with 50% (w/v) trichloroacetic acid and then stained with 0.4%

sulforhodamine B (w/v) in 1% acetic acid. After washing the

plates in 1% acetic acid and allowing them to dry, the dye was

then solubilized in 50% Trizma base and plates were read at an

absorbance of 540 nm. Each drug concentration was tested in

quadruplicate and controls were tested in replicates of eight.

Dose modifying factors (DMFs) were calculated for CBT-11
with each drug by dividing the IC50 for each drug without

inhibitor by the IC50 for each drug in the presence of inhibitor.

To determine significant difference between IC50 values, a

Student’s t-test was performed with p < 0.05 being considered

significant.

2.5. Photolabeling of Pgp with [125I]-IAAP

As previously described, crude membranes from HiFive insect

cells expressing Pgp were incubated with 10 mM of the desired

inhibitor for 10 min after which 3–6 nM [125I]-IAAP (2200 Ci/

mole) in 50 mM Tris–HCl (pH 7.5) was added and the samples

were incubated for an additional 5 min in the dark [28].

Samples were then exposed to a UV light source for 10 min at

room temperature. Pgp was then immunoprecipitated with

the C219 antibody (Signet Laboratories, Dedham, MA). Protein

a sepharose beads (100 ml, Amersham Biosciences, Piscat-

away, NJ) were then added and incubated for 16 h at 4 8C. The

beads were centrifuged at 13,000 rpm for 5 min at 4 8C and

then washed with RIPA buffer in 1% aprotinin. SDS-PAGE

sample buffer (25 ml) was then added and the samples were

incubated for 1 h at 37 8C, followed by the addition of 25 ml of

water and an additional incubation at 37 8C for 30 min.

Samples were separated by PAGE on a 7% Tris–acetate gel,

followed by drying, exposure to Bio-Max MR film (Eastman-

Kodak, Rochester, NY) and quantitation of the resulting bands.

The data were fitted using the program GraphPad Prism 4.0

(GraphPad Software, San Diego, CA).

2.6. Determination of ATPase activity

The ATPase activity of Pgp was measured as previously

described [29]. Briefly, crude membranes isolated from Pgp-

expressing HiFive insect cells (100 mg protein/ml) were

incubated with varying concentrations of CBT-11 in the

presence or absence of 0.2 mM beryllium sulfate and 2.5 mM

sodium fluoride (BeFx) in ATPase assay buffer (50 mM Tris–HCl

pH 6.8, 100 mM KCl, 10 mM sodium azide, 20 mM EGTA, 20 mM

DTT, 20 mM MgCl2) for 5 min at 37 8C. The reaction was started

by the addition of 5 mM ATP and was stopped by the addition

of 0.1 ml of 5% SDS solution. The amount of inorganic

phosphate released and the BeFx-sensitive ATPase activity

of Pgp was determined [29].
3. Results

3.1. CBT-1W inhibits Pgp-mediated efflux of
rhodamine 123

The ability of CBT-11 to inhibit Pgp-mediated efflux of

rhodamine 123 was compared to that of the known Pgp

inhibitors valspodar, tariquidar, or verapamil. Three concen-

trations of each inhibitor – 0.1, 1 and 10 mM – were tested and

are shown in the histograms as a heavy solid line, solid line or

dashed line, respectively (Fig. 1). As seen in Fig. 1, high levels of

Pgp expression in the Ad20, Ad300 and MDR-19 cell lines

resulted in low intracellular rhodamine concentrations when

cells were incubated with rhodamine in the absence of any

inhibitor (shaded histogram). CBT-11 was able to partially



Fig. 1 – CBT-1W inhibits Pgp-mediated rhodamine efflux from Pgp-overexpressing cells. Drug-selected Ad20 and Ad300 cells

as well as MDR1-transfected HEK-293 cells (MDR-19) were incubated with 0.5 mg/ml rhodamine 123 in the presence or

absence of 0.1, 1 or 10 mM of CBT-1W, verapamil, valspodar or tariquidar for 30 min. Subsequently, cells were washed and

allowed to incubate in rhodamine-free medium for 1 h continuing without (shaded histogram) or with 0.1 mM (heavy solid

line), 1 mM (solid line), or 10 mM (dashed line) inhibitor. Histograms from one of at least two independent experiments are

shown.
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inhibit rhodamine 123 efflux at a concentration of 0.1 mM

(heavy solid line) in the Ad20, Ad300, and MDR-19 cell lines,

while complete inhibition was observed at 1 mM (solid line).

When cells were incubated with 1 mM CBT in the presence of

rhodamine, an increase in fluorescence was consistently

observed compared to cells incubated with 10 mM CBT-11 in

the presence of rhodamine. This was only statistically

significant for the Ad20 subline (p < 0.01). Valspodar, shown

in the second column, was comparably potent. Tariquidar

completely inhibited rhodamine transport at 0.1 mM (heavy

solid line) in the Ad20, Ad300, and MDR-19 cell lines, making it

the most potent inhibitor examined. Verapamil, shown in the

last column, was a relatively poor inhibitor, since 10 mM

(dashed line) was required to completely prevent rhodamine

transport in all of the Pgp-overexpressing cell lines. Intracel-

lular rhodamine fluorescence values are compiled in Supple-

mental Table 1.
Similar studies were conducted using CBT-11 and the

fluorescent drug mitoxantrone with MDR-19 cells to verify

results observed with rhodamine. CBT-11 at 0.1 mM partially

inhibited Pgp-mediated mitoxantrone transport, while com-

plete inhibition was afforded by 1 and 10 mM CBT-11

(Supplemental Fig. 1A); intracellular fluorescence values for

mitoxantrone are given in Supplemental Table 2. Unlike with

rhodamine, 10 mM CBT-11 did not decrease intracellular

fluorescence of mitoxantrone (Supplemental Fig. 1A) or

BODIPY-prazosin (data not shown) compared to 1 mM.

3.2. Duration of Pgp inhibition

We next sought to determine how long the effects of Pgp

inhibition would last once the inhibitor had been removed,

and compared CBT-11 to the other known inhibitors in this

context. In Ad20 (Fig. 2A and B) and Ad300 (Fig. 2C and D) cells,



Fig. 2 – Duration of Pgp inhibition by CBT-1W. SW620 Ad20 (A and B) and Ad300 (C and D) cells were incubated in 0.5 mg/ml

rhodamine 123 in the absence (C, empty squares) or presence of 1 mM (A and C) or 10 mM (B and D) CBT-1W (CBT, empty

circles), valspodar (VAL, empty diamonds), tariquidar (TAR, filled triangles) or verapamil (VER, filled circles) for 30 min and

intracellular rhodamine fluorescence was measured to yield time 0 values. Matched samples for each condition were then

washed and allowed to incubate in substrate-free, inhibitor-free medium and intracellular fluorescence was measured at

30, 60 and 120 min after removal of rhodamine 123 and inhibitor. Average intracellular rhodamine fluorescence values

(channel numbers) from at least two experiments are shown; error bars represent standard deviation.
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in the absence of any inhibitor (empty squares), intracellular

rhodamine fluorescence is low at the 0 time point, rapidly

decreases over time and is nearly gone after 30 min. Of the

inhibitors examined, the effects of verapamil were most

rapidly reversed (filled circles). The duration of inhibition by

10 mM CBT-11 (empty circles) and valspodar (empty dia-

monds) was comparable in the Ad20 cell line (Fig. 2B) as both

compounds effectively prevented rhodamine efflux over the

entire 120 min period after the inhibitor was washed out. At

1 mM, however, in the Ad20 cell line (Fig. 2A), the effects of

valspodar (empty diamonds) begin to deteriorate after 30 min,

whereas the effects of CBT-11 (empty circles) just begin to

wear off after 120 min. At the 30, 60 and 120 min time points,

rhodamine fluorescence in cells incubated with CBT-11 was

significantly higher than in Ad20 cells incubated with

valspodar ( p < 0.02 in all cases). In the Ad300 cell line

(Fig. 2C and D), the effects of 1 or 10 mM valspodar (empty

diamonds) were again significantly more rapidly lost than
with a similar concentration of CBT-11 (empty circles) after

the 30, 60 and 120 min incubation (p < 0.03 in all cases). For

both the Ad20 and Ad300 sublines, tariquidar (filled triangles),

even at a concentration of 1 mM was able to maintain

intracellular rhodamine fluorescence for nearly the entire

2 h after the inhibitor was washed out of the cells, a result in

agreement with previous reports [30].

3.3. Modulation of Pgp-mediated drug resistance
by CBT-1W

Cytotoxicity assays were subsequently performed to deter-

mine if CBT-11 could reverse Pgp-mediated drug resistance in

Pgp-overexpressing, drug-selected or transfected cells. Four-

day cytotoxicity assays were performed on SW620 parental

and drug-selected Ad20 cells with the Pgp substrate drugs

vinblastine, paclitaxel, and depsipeptide and the non-Pgp drug

5-FU. Assays on pcDNA3-10 and MDR1-transfected MDR-19



Table 1 – CBT-1W reverses Pgp-mediated drug-resistance

Drug SW620 (mean IC50 � S.D.) Ad20 (mean IC50 � S.D.) RRa DMFb

Vinblastine 0.00094 � 0.00053 0.051 � 0.022* 54 58

Vinblastine + 1 mM CBT-11 0.00038 � 0.00014 0.00088 � 0.00031

Paclitaxel 0.0060 � 0.0040 0.71 � 0.025* 118 173

Paclitaxel + 1 mM CBT-11 0.0021 � 0.0012 0.0041 � 0.0016

FK228 0.00085 � 0.00022 0.025 � 0.0041* 29 48

FK228 + 1 mM CBT-11 0.00040 � 0.00023 0.00052 � 0.00020*

5-FU 24 � 16 29 � 23 1.2 1.3

5-FU + 1 mM CBT-11 34 � 17 45 � 23

Drug pcDNA3-10 MDR-19

FK228 0.0055 � 0.0048 0.87 � 0.54* 158 48

FK228 + 1 mM CBT-11 0.0021 � 0.0017 0.018 � 0.0067*

IC50 values (mM) were determined by the sulforhodamine B assay. Results are from at least two independent experiments (mean � S.D.).
a Relative resistance values were calculated by dividing the IC50 of the resistant line by the IC50 of the parent line.
b The dose modifying factor (DMF) was calculated by dividing the IC50 of the resistant cell line (SW620 Ad20 or MDR-19) in the absence of

inhibitor by the IC50 in the presence of inhibitor.
* IC50 significantly different from parent line ( p < 0.05).
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cells were performed using depsipeptide. When cytotoxicity

assays were performed with CBT-11 alone, we found that the

IC50 values for all cell lines ranged from 4 to 6 mM (data not

shown). Assays were thus performed in the presence or

absence of 1 mM CBT-11, which we found to be non-toxic in all

cell lines (cell survival > 95%). Dose modifying factors (DMFs)

were also calculated by dividing the IC50 for each drug in the

absence of inhibitor by the IC50 in the presence of inhibitor.

The results are summarized in Table 1 and results from an

independent cytotoxicity assay performed on SW620 parental

cells and Ad20 cells with depsipeptide or vinblastine in the

presence or absence of CBT-11 are shown in Fig. 3.

Ad20 cells were significantly resistant to all Pgp substrates

examined compared to parental SW620 cells (p < 0.02 for all

drugs). Complete reversal of resistance to vinblastine, pacli-
Fig. 3 – CBT-1W abrogates Pgp-mediated drug resistance. Four-da

vinblastine on SW620 parental (circles) and Pgp-overexpressing

absence (empty symbols) of 1 mM CBT-1W as described in Section

of results is given in Table 1.
taxel, and depsipeptide was observed in the Ad20 cells, as IC50

values for Ad20 cells in the presence of CBT-11 were not

statistically significantly different from IC50 values for the

parental SW620 line (p > 0.05 in all cases), except for

depsipeptide, where CBT-11 significantly decreased the IC50

value to a level that was below that of the parental line

(p < 0.05). Ad20 cells were only slightly more resistant to 5-FU

compared to parental cells, but this did not achieve statistical

significance. CBT-11 also nearly completely reversed resis-

tance to depsipeptide in the MDR-19 cells. MDR-19 cells

express higher levels of Pgp than the Ad20 cells, which may

explain this discrepancy. However, as both Ad20 and MDR-19

cells express Pgp at levels that are higher than what would be

observed in patients, it is likely that lower concentrations of

CBT-11 would be needed to inhibit physiologic levels of Pgp.
y cytotoxicity assays were performed with depsipeptide or

Ad20 cells (squares) in the presence (filled symbols) or

2. Results from one experiment are shown and a summary



Fig. 4 – Effect of CBT-1W on [125I]-IAAP labeling and ATPase

activity of Pgp. (A) Crude membranes isolated from Pgp-

overexpressing High-Five insect cells were incubated in

the absence (lane 1) or presence of 10 mM CBT-1W (lane 2),

valspodar (lane 3), verapamil (lane 4) tariquidar (lane 5) or

cyclosporine a (lane 6) with 3–6 nM [125I]-IAAP and

crosslinked as described in Section 2. The samples were

separated on a 7% Tris–acetate polyacrylamide gel and the

amount of [125I]-IAAP crosslinked to Pgp was determined

as outlined in Section 2. (B) Pgp-expressing crude

membranes were incubated with 0–25 mM CBT-1W for

5 min and the samples were labeled with [125I]-IAAP as

described above. The radioactivity incorporated into the

Pgp band was quantitated as described in Section 2 and

the data were fitted using GraphPad Prism 4.0 software. (C)

The BeFx-sensitive ATPase activity of Pgp was determined
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3.4. Effect of CBT-1W on [125I]-IAAP labeling of Pgp and
ATP hydrolysis

To further characterize the interaction of CBT-11 with Pgp, we

next examined the ability of CBT-11 to prevent photolabeling

of Pgp by the prazosin analog [125I]-IAAP in membranes

isolated from Pgp-expressing HiFive insect cells. As seen in

Fig. 4A, CBT-11 at a concentration of 10 mM (lane 2) readily

competes [125I]-IAAP labeling of Pgp (control shown in lane 1),

suggesting it interacts at the drug-binding site of [125I]-IAAP.

Other well-known Pgp inhibitors valspodar (lane 3), tariquidar

(lane 5) and cyclosporine a (lane 6) also prevented photolabel-

ing of Pgp by [125I]-IAAP at a concentration of 10 mM. Verapamil

had no effect on [125I]-IAAP labeling of Pgp at 10 mM (lane 4).

Comparable protein loading among lanes was verified by

colloidal blue stain (Supplemental Fig. 2). The IC50 for [125I]-

IAAP inhibition by CBT-11 was 0.14 mM (Fig. 4B). This

compares favorably to previously published values for other

known Pgp inhibitors such as biricodar (VX-710), 0.75 mM;

cyclosporine a, 3.5 mM; and verapamil, >100 mM [31].

The effects of CBT-11 on ATP hydrolysis were then

determined as described in Section 2. Fig. 4C shows that

CBT-11 initially stimulates Pgp-hydrolysis at low concentra-

tions (<1 mM), then loses this stimulatory effect with increas-

ing concentrations of CBT-11. This has also been reported for

other Pgp inhibitors such as MS-209 [31]. The concentration of

CBT-11 required for 50% stimulation of the maximum ATP

hydrolysis value was found to be 0.28 mM (Fig. 4D).

3.5. CBT-1W inhibits MRP1-mediated transport

To determine whether CBT-11 interacts with MRP1, calcein

transport was examined in ABCC1-transfected HEK293 cells in

the presence of varying concentrations of CBT-11. As seen in

Fig. 5A, CBT-11 at a concentration of 10 mM (solid line) comp-

letely inhibited MRP1-mediated calcein efflux (shaded histo-

gram) in MRP1-transfected HEK293 cells and was found to be as

effective as 50 mM of the known MRP1 inhibitor MK-571 (dashed

line). No inhibition of MRP1-mediated transport was observed

with 1 mM CBT-11 (data not shown). Results with calcein are

summarized in Supplemental Table 3. Similar results were

obtained when mitoxantrone was used as a substrate (Supple-

mental Fig. 1B), and results are compiled in Supplemental Table

2. Since CBT-11 was found to be toxic at 10 mM, combination

studies could not be performed. Our results show that CBT-11 is

abletopreventtransportmediatedbyeitherPgporMRP1. Inhibi-

tion of MRP1, however, occurs at a higher concentration than

Pgp, suggesting CBT-11 has a greater affinity for Pgp than MRP1.

3.6. CBT-1W does not modulate ABCG2-mediated
pheophorbide a or mitoxantrone transport

We have previously reported that some Pgp inhibitors, such as

tariquidar and elacridar, can additionally inhibit ABCG2-
in Pgp-expressing High-Five insect cell membranes in the

presence of various concentrations of CBT-1W according to

Section 2. (D) Experiments were performed as in (C) so as

to determine the concentration required for 50% of the

maximal stimulation of ATPase activity.



Fig. 5 – CBT-1W inhibits MRP1-mediated calcein transport

but not ABCG2-mediated pheophorbide a (PhA) transport.

(A) ABCC1-transfected cells were incubated with 0.1 mM

calcein AM in the absence (shaded histogram) or presence

of 10 mM CBT-1W (solid line) or 25 mM of the known MRP1

inhibitor MK-571 (dashed line). (B) Wild-type ABCG2-

transfected cells were incubated with 1 mM PhA in the

absence (shaded histogram) or presence of 10 mM CBT-1W

(solid line) or 25 mM of the known ABCG2 inhibitor FTC

(dashed line). Histograms from one of two independent

experiments are shown.
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mediated transport [32,33]. To determine if this was the case

for CBT-11, ABCG2-transfected cells were incubated with 1 mM

PhA in the presence of 25 mM CBT-11 or 10 mM FTC. As shown

in Fig. 5B, 10 mM FTC (dashed line) readily prevented ABCG2-

mediated PhA transport (shaded histogram) from ABCG2-

transfected cells while CBT-11 was ineffective even at

concentrations of 25 mM (solid line). Similar results were

obtained when mitoxantrone was used as the ABCG2

substrate (Supplemental Fig. 1C). Results with pheophorbide
a are presented in Supplemental Table 4, while results with

mitoxantrone are summarized in Supplemental Table 2.

3.7. CBT-1W present in serum samples obtained from
patients receiving CBT-1W inhibits Pgp activity of
CD56+ cells in an ex vivo assay

To determine whether CBT-11 levels in patients were high

enough to inhibit Pgp, we obtained serum samples from eight

patients receiving CBT-11 on a phase II study. Samples were

obtained from three patients who had only been exposed to

CBT-11, two patients who had received continuous CBT-11

and one dose of paclitaxel, two patients who had received

CBT-11 and two cycles of paclitaxel, and one patient who

received CBT-11 and three cycles of paclitaxel. Due to protocol

limitations, no samples were obtained from any of the

patients prior to CBT-11 administration. Post-treatment

samples were compared to serum obtained from a normal

volunteer. Results from six of the eight patients are shown in

Fig. 6. CD56+ cells incubated in rhodamine with serum

obtained from patients receiving CBT-11 had a 2.1- to 5.7-

fold increase in intracellular rhodamine fluorescence com-

pared to cells incubated with rhodamine in control serum.

CD56+ cells incubated with control serum in the presence of

rhodamine do not have high intracellular rhodamine fluores-

cence due to the high levels of Pgp expressed by these cells

(solid line). However, cells that were incubated in serum

obtained from the six patients receiving CBT-11 displayed

higher intracellular fluorescence (dashed line) due to the CBT-

11 present in the serum. Cells were also incubated with

normal serum containing 0.1, 1, or 10 mM CBT-11 or 3 mg/ml

valspodar; results with valspodar and 0.1 mM CBT-11 are

shown in Fig. 6. The exogenously added inhibitors caused a

2.2-, 3-, 3.4-, or 3.2-fold increase in rhodamine in CD56+ cells,

respectively, compared to cells incubated with rhodamine in

control serum. CBT-11 levels in serum samples ranged from

123 to 573 ng/ml (386–917 nM). Due to limited amounts of

patient material, the experiments were performed twice, with

results from one experiment shown in Fig. 6.
4. Discussion

In the present study, we characterized the interactions of the

Pgp inhibitor CBT-11 with Pgp, MRP1 and ABCG2—ABC

transporters associated with drug resistance. We found that

1 mM CBT-11 completely inhibited Pgp-mediated rhodamine

efflux from Pgp-overexpressing, drug selected SW620 Ad5,

Ad20 and Ad300 cell lines as well asABCB1-transfected HEK293

cells. The potency of CBT-11 was greater than verapamil,

approximately equivalent to valspodar, but less than tariqui-

dar, one of the most potent Pgp inhibitors we have studied to

date. The duration of Pgp inhibition by CBT-11 was less than

that of tariquidar, but greater than that observed with

valspodar or verapamil. In combination studies with CBT-

11, 1 mM effectively abrogated resistance to vinblastine,

paclitaxel and depsipeptide in SW620 Ad20 cells as demon-

strated by 4-day cytotoxicity assays. Interaction at the drug-

binding site of Pgp was confirmed in experiments showing

competition of [125I]-IAAP labeling of Pgp by CBT-11. In



Fig. 6 – Serum levels of CBT-1W prevent Pgp-mediated

rhodamine 123 from CD56+ cells. Mononuclear cells were

incubated for 30 min in serum obtained on day 6 from 6

patients receiving CBT-1W diluted 1:1 with medium

containing 1 mg/ml rhodamine 123. As a control,

mononuclear cells were incubated for 30 min in control

serum containing 6 mg/ml valspodar, 20, 2 or 0.2 mM CBT-

1W that was also diluted 1:1 with complete medium. Cells

were then washed and incubated for 1 h with control

serum or patient serum diluted 1:1 with rhodamine-free

complete medium. Similarly, cells incubated in the

presence of inhibitors were incubated in control serum

containing the desired inhibitor diluted 1:1 with complete

medium. Intracellular rhodamine fluorescence was

subsequently examined in CD56+ cells. The histograms

compare rhodamine fluorescence in CD56+ cells incubated

with normal serum (solid line) to that in cells incubated

with patient serum or normal serum containing

exogenously added CBT-1W (0.1 mM) or valspodar (3 mg/ml)

(dashed lines). Results with serum samples of patients #3–

#8 from one of two experiments are shown.
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addition to acting as a Pgp inhibitor, 10 mM CBT-11 was able to

completely inhibit MRP1-mediated transport of calcein in

ABCC1-transfected HEK293 cells. CBT-11 was not found to

prevent ABCG2-mediated transport of PhA in ABCG2-trans-

fected HEK293 cells. CBT-11 serum levels in patients receiving

CBT-11 as part of a chemotherapy regimen were high enough

to prevent Pgp-mediated rhodamine 123 efflux from CD56+

cells in an ex vivo assay. Our results thus show CBT-11 is able

to effectively inhibit Pgp- and MRP1-mediated transport.

We noted that, at the 10 mM concentration of CBT-11,

intracellular rhodamine fluorescence values were decreased

compared to the 1 mM concentration. This appeared to be

specific to rhodamine, as we did not observe this phenomenon

when using calcein AM, BODIPY-prazosin or mitoxantrone as

the fluorescent substrate. Although we are not sure of the

exact mechanism that causes the decrease in fluorescence,

CBT-11 may interact with rhodamine, quenching its fluores-

cence at high concentrations.

Initial phase I studies of CBT-11 in combination with

adriamycin or paclitaxel have shown that no dose reduction of

the chemotherapeutic agent was necessary, suggesting that

CBT-11 has no pharmacokinetic interactions with adriamycin

or paclitaxel. When the ‘‘second generation’’ Pgp inhibitor

valspodar was used in combination with chemotherapy, it was

necessary to reduce the dose of the chemotherapy drug to

prevent toxicity [34]. The need for dose reduction was later

found to be due to interactions with the cytochrome P450

pathway by valspodar, thus inhibiting drug metabolism and

decreasing drug clearance [8]. Biricodar has also been shown

reduce clearance of paclitaxel, suggesting a potential phar-

macokinetic interaction as well [35]. We have argued this

pharmacokinetic interaction represented an insurmountable

problem for valspodar. Such a considerable variability in the

pharmacokinetic interaction was observed that, despite

reduction of the anticancer drug dose, about one-third of

patients still had toxicity related to the anticancer drug [10].

Furthermore, approximately one-third of patients experi-

enced little drug toxicity and were effectively undertreated

[10]. A Pgp inhibitor without major drug interactions would be

valuable. CBT-11 may thus be an improvement over current

inhibitors of ABC transporters.

To date, no MRP1-specific inhibitors have been evaluated in

the clinic. The only other inhibitors shown to inhibit Pgp and

MRP1 and subsequently used in clinical trials are dofequidar

(MS-209) [36–38] and biricodar (VX-710) [39,40]. Dofequidar in

combination with cyclophosphamide, doxorubicin and fluor-

ouracil (CAF) was found to increase overall response rate

compared to CAF alone [36]. Early in vitro studies showed

biricodar to be a potent inhibitor of both Pgp and MRP1 [31,41],

while subsequent studies also demonstrated it to be an

inhibitor of ABCG2 [25]. While the value of inhibitors that are

capable of inhibiting multiple transporters has yet to be

determined clinically, some groups have reported expression

of multiple transporters in clinical samples, particularly in

leukemia [19,42]. Daunorubicin and mitoxantrone, both

substrates of Pgp and MRP1, are often used in chemotherapy

regimens used to treat leukemia [18]. Inclusion of CBT-11 into

treatment strategies for diseases where MRP1 or both MRP1

and Pgp are expressed may therefore increase response.

However, as relatively high concentrations of CBT-11 were
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necessary to inhibit MRP1 in transfected cells where levels are

relatively high, we will need to evaluate whether levels of CBT-

11 achieved in patients would be able to inhibit physiologic

levels of MRP1 that would tend to be lower than those observed

in transfected cells.

Few Pgp inhibitors remain in development. To our

knowledge, only elacridar, tariquidar and dofequidar are

in trials in addition to CBT-11. The in vitro studies presented

here demonstrate that tariquidar is more potent than CBT-

11. However, it is not certain that the ideal modulator will be

the most potent available. Indeed, the only patients with

renal cell carcinoma remaining free of disease following

treatment with valspodar and vinblastine on our phase I trial

received the oral formulation; no other responses were

observed with the more potent IV agent [43]. It may be that

an agent with somewhat lesser potency will have fewer drug

interactions; or that there will be less effect on bone marrow

stem cells. Given the importance of ABC transporters in

protecting bone marrow stem cells, a very potent Pgp

inhibitor may require reduction of the anticancer agent

dose to prevent prolonged neutropenia. If CBT-11 can avoid

both of these pitfalls and distribute well into tumors, it may

become the simplest strategy for improving the efficacy of

Pgp substrate drugs.

As cancer therapy has become increasingly outpatient-

based, there has been a drive to develop oral agents. Thus, an

oral Pgp inhibitor could be combined with an oral anticancer

agent for a more prolonged schedule of administration. We

know from the phase I and II trials already conducted that 7

days of CBT-11 is well tolerated. This could serve as the basis

of a trial combining CBT-11 with substrates such as etoposide

or imatinib, both orally administered agents. Obviously, the

tolerability of continuous dosing for CBT-11 would have to be

demonstrated for such a strategy to succeed.

CBT-11 has been in clinical trials for over a decade, in small

studies that have consistently confirmed its safety. The past

few years have seen numerous trials with other modulators

open and close, in many cases due to toxicity; in others,

increasingly due to poor trial design; and still others with a

clearly negative result. If CBT-11 were to succeed as a Pgp

inhibitor, it would be proof that effective treatments need not

come from large pharmaceutical companies.
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