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Abstract

Introduction—The ATP-binding cassette (ABC) transporters P-glycoprotein (Pgp/ABCB1),
multidrug resistance-associated protein 1 (MRP1/ABCC1), and breast cancer resistance protein
(BCRP/ABCG2) are known to transport a wide range of structurally diverse compounds. Their
high level of expression at the blood-brain, maternal-fetal, and blood-testis barriers as well as their
purported roles in oral absorption suggests that ABC transporters play important pharmacologic
roles.

Methods—We have developed a method to characterize the function and inhibition of ABC
transporters using an automated cell counter with fluorescence detection capability. The assay was
performed using stably-transfected HEK293 cells expressing P-gp, MRP1, or ABCG2 and
examining transport of fluorescent substrates in the presence or absence of known inhibitors and
compared to results obtained with a flow cytometer. Fold-increase in intracellular fluorescence
was then calculated for cells incubated with fluorescent substrate in the absence of inhibitor versus
in the presence of inhibitor.

Results—Fold-increase values obtained either with the cell counter or flow cytometer were
comparable for cells expressing either MRP1 or ABCGZ2; slightly higher fold-increase values were
observed when cells expressing P-gp were read on a flow cytometer compared to the cell counter.

Discussion—The assay described provides an inexpensive detection method to aid in the
development of novel ABC transporter inhibitors or to characterize potential drug-drug
interactions.
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1. Introduction

The ATP binding-cassette (ABC) transporters P-glycoprotein (P-gp, encoded by the MDR-1
or ABCBL1 gene), multidrug resistance-associated protein 1 (MRP1, encoded by the MRP1 or
ABCCL1 gene), and breast cancer resistance protein (BCRP/ABCG2, encoded by the ABCG2
gene) have been shown to mediate energy-dependent transport of a variety of structurally
dissimilar compounds out of cells, against a concentration gradient. P-gp, the first ABC
transporter discovered and by far the best characterized, has been shown to transport a wide
variety of substrates including anthracyclines, vinca alkaloids, taxanes and tyrosine kinase
inhibitors; HIV protease inhibitors such as nalfinavir, ritonavir and amprenavir; as well as
steroids and HMG-CoA inhibitors. It has been shown to participate in oral drug absorption
and is also a component of the blood-brain barrier, suggesting that P-gp plays a role in
normal tissue protection. The MRP1 transporter has been shown to confer resistance to a
narrower range of antineoplastics, including the anthracyclines, vinca alkaloids, etoposide
and teniposide, and it has also been shown to transport glucuronide and glutathione
conjugates (e.g. leukotriene C4). Expression of MRP1 at the blood-brain barrier and choroid
plexus suggests that it, too, serves a protective role by preventing accumulation of drugs in
these sanctuary sites. ABCG2 has also been shown to transport a growing list of substrates
including mitoxantrone, the camptothecin analogs topotecan and irinotecan, and the tyrosine
kinase inhibitors gefitinib and imatinib as well as antibiotics, HMG-CoA inhibitors and HIVV
protease inhibitors. ABCG?2 is believed to form part of the blood-brain barrier, blood-testis
barrier, and maternal-fetal barrier and has also been shown to modulate oral drug absorption.
Therefore, ABC transporters play significant roles in the pharmacology of substrate
compounds.

The purported roles for ABC transporters in drug disposition have led to increased interest
in describing the interactions between ABC transporters and novel drug therapies.
Recognizing the significant pharmacologic role of ABC transporters, the FDA has published
several guidance documents to address the role of ABC transporters in drug development
and to determine potantial drug-drug interactions. Additionally, the purported role of ABC
transporters in clinical drug resistance has sparked the development of inhibitors that can
block efflux of substrate compounds. Such inhibitors may also be used to improve drug
penetration into sanctuary sites such as the brain or to increase oral drug bioavailability.
Several animal studies have demonstrated increased brain penetration of the tyrosine kinase
inhibitors gefitinib and imatinib when the drugs were coadministered with the dual P-gp and
ABCG2 inhibitor elacridar (GF120918). Additionally, human clinical trials have shown that
oral coadministration of elacridar with topotecan leads to significantly increased serum
levels of topotecan compared to oral administration of topotecan alone

Flow cytometry-based functional assays are often used to characterize interactions between
drugs and ABC transporters and usually involve the use of fluorescent transporter substrates
such as rhodamine 123 and calcein AM for P-gp; calcein AM for MRP1; and BODIPY-
prazosin and pheophorbide a for ABCG2. Flow cytometers have the sensitivity to provide
accurate and reliable results, but they are often costly and require extensive calibration and
user training. Therefore, the development of alternative and cost-effective methods would be
advantageous to researchers in this field.

Herein we report a convenient method for analyzing the function of ABC transporters and
characterizing drug-transporter interactions using an automated cell counter with
fluorescence detection, the Cellometer® Vision (Nexcelom Bioscience, Lawrence, MA).
The Vision allows for rapid detection of intracellular fluorescence of ABC transporter
substrates using an LED excitation light source, optical filtering, and cooled CCD camera
technology for fluorescence detection. The instrument can automatically analyze acquired
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cell images and measure cell concentration, viability, and cell size. A proprietary image
process algorithm is utilized to analyze cell images. Furthermore, the analyzed results (i.e.
cell image, size, and fluorescence distribution histogram) may be saved for research records.

In this work, we have developed a robust detection method using a cell counter with
fluorescence detection for measuring intracellular fluorescence of P-gp, MRP1, and ABCG2
substrates. The assay and results are validated by comparing overlays generated with the cell
counter to overlays generated when the samples were analyzed on a flow cytometer. The
methods presented here have the potential to identify compounds that could mediate drug-
drug interactions through ABC transporter inhibition. Additionally, these methods could
identify novel inhibitors of ABC transporters that might be used to increase drug uptake in
the CNS, modulate drug oral bioavailability, or alter drug uptake in tumors.

2. Materials and Methods
2.1 Reagents

Rhodamine 123 and verapamil were obtained from Sigma Chemical (St. Louis, MO).
Calcein-AM and BODIPY -prazosin were purchased from Invitrogen Corporation (Carlsbad,
CA). MK571 was obtained from EMD Bioscience (Gibbstown, NJ). Fumitremorgin C was
isolated by Thomas McCloud, Developmental Therapeutics Program, NIH (Bethesda, MD).
Valspodar (PSC 833) was a gift from Novartis Pharmaceuticals (East Hanover, NJ).
Tariquidar (XR9576) was provided by Xenova Research (Slough, Berkshire, UK).

2.2 Cell lines

ABCG2-, ABCB1-, and ABCC1-transfected human embryonic kidney (HEK-293) cells were
grown in Eagle's Minimum Essential Medium supplemented with 10% FCS, glutamine and
antibiotic along with 2 mg/ml G418 to enforce transporter expression.

2.3 Fluorescence measurement using the fluorescent cell counter

Methods for detecting inhibition of ABC transporters were based on previous assays, with
slight modifications. Briefly, trypsinized HEK293 cells expressing P-gp, MRP1, or ABCG2
were incubated with complete medium (phenol red-free IMEM with 10 % FBS) containing 2
ng/ml rhodamine 123, 500 nM BODIPY -prazosin, or 500 nM calcein AM, respectively, in
the presence or absence of the desired inhibitor for 30 min at 37°C. The inhibitors valspodar
(3 pg/ml), MK571 (100 uM), and FTC (10 uM) were used as positive controls for cells
expressing P-gp, MRP1 or ABCG2, respectively. Cells were subsequently washed and
allowed to incubate in substrate-free medium continuing with or without the corresponding
inhibitor for 1h. Cells were then washed with cold phosphate buffered saline (PBS),
resuspended in cold PBS, and kept on ice until analysis. Cell suspension (20 uL) was loaded
into the counting chamber and cells were then analyzed using the Cellometer® Vision
(Nexcelom Bioscience, Lawrence, MA) with an excitation/emission filter pair of 470 nm/
525 nm. Cell concentration was adjusted so that 300-750 cells were counted on each slide
(approximately 15,000 to 50,000 cells/ml). Exposure time was 5 s for rhodamine and
BODIPY-praozosin and 1 s for calcein. Images were captured with the software provided by
the manufacturer and results were exported as a Microsoft Excel File format for further data
analysis.

2.4 Flow cytometry

Intracellular fluorescence of rhodamine, calcein and BODIPY-prazosin was also determined
in an aliquot of cells treated as in the above paragraph using a FACSort flow cytometer
(Becton Dickinson, San José, CA) equipped with a 488 nm argon laser and an 530 nm
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bandpass filter (FL-1) to detect rhodamine, calcein or BODIPY-prazosin fluorescence. For
each sample, 10,000 events were collected.

3. Results and Discussion

3.1 Detection of Pgp-, MRP1- and ABCG2-mediated transport using a cell counter with
fluorescence detection

Fluorescence images captured with the cell counter demonstrated that P-gp overexpressing
cells uptake little rhodamine 123 in the absence of the known P-gp inhibitor valspodar
(Figure 1A, upper right), due to transport out of the cell by P-gp. However, cells incubated
with rhodamine in the presence of valspodar demonstrate increased intracellular rhodamine
fluorescence, due to inhibition of P-pg by valspodar (Figure 1 A, lower right). Bright-field
images are also shown in figure 1A with the corresponding fluorescent images (upper and
lower right images in figure 1A).

The relative intracellular rhodamine fluorescence was quantified by the cell counter
software, which is normalized to the cell area determined from the bright-field images. P-gp
expressing HEK cells incubated with rhodamine in the presence or absence of valspodar are
denoted by the red and blue lines, respectively (Figure 1B, top left). An aliquot of the same
cells was analyzed by flow cytometry, and the difference in fluorescence intensity was
found to mirror results from the Vision, as we again observed that cells incubated with
rhodamine in the presence of valspodar exhibit increased fluorescence compared to cells
incubated with rhodamine alone (Figure 1B, top right). Similar results were obtained when
ABCG2 function was analyzed using the fluorescent substrate BODIPY -prazosin (Figure
1B, middle row). In ABCG2-overexpressing cells, the known inhibitor FTC (red line) was
able to increase intracellular BODIPY-prazosin fluorescence compared to cells incubated in
BODIPY -prazosin alone (blue line), when either the cell counter (left overlay) or a flow
cytometer were used to measure intracellular fluorescence. Calcein AM was also used to
examine inhibition of MRP1-mediated transport (Figure 1B, bottom row). When MRP1-
transfected cells were incubated with calcein AM in the presence of the control MRP1
inhibitor MK571, increased intracellular calcein fluorescence was observed (red line)
compared to cells incubated with calcein AM alone (blue line). Again, overlays obtained
with the cell counter (left) were comparable to those obtained by flow cytometry (right).

Quantitation by the two instruments was also compared. Peak fluorescence values obtained
with the cell counter for cells incubated with substrate and inhibitor were divided by
fluorescence values in the absence of the inhibitor; mean fluorescence values were
determined from data obtained with the flow cytometer. The fold-increase in intracellular
fluorescence between cells incubated with fluorescent substrate in the presence of inhibitor
and cells incubated with fluorescent substrate alone was then determined and values are
reported in Table 1. The average fold-increase values were compared by student's t-test. For
cells expressing MRP1 or ABCG2, both the cell counter and the flow cytometer yield
similar increases in fluorescence. In cells expressing P-gp, a statistically significant higher
average fold-increase in intracellular rhodamine fluorescence was observed with the flow
cytometer, likely due to the high-powered laser in the flow cytometer.

3.2 Validation of assay with other Known Inhibitors of P-gp, MRP1 and ABCG2

To confirm that the cell counter has the capability to identify inhibitors of ABC transporters,
we examined the effect of tariquidar and verapamil on P-gp, ABCG2 and MRP1. Tariquidar
has been shown to inhibit ABCG2 as well as P-gp-mediated transport, while verapamil has
been shown to inhibit P-gp and MRP1 function. We examined the effects of 0.1, 1 or 10 uM
tariquidar on ABCB1-transfected HEK?293 cells. As shown in the overlay generated by the
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cell counter in Figure 2 (top row, left overlay), tariquidar potently inhibits P-gp mediated
rhodamine transport even at 0.1 puM, as intracellular fluorescence of cells incubated with
rhodamine in the presence of any amount of tariquidar was nearly identical to that obtained
with valspodar. Similar results were observed when the cells were examined with a flow
cytometer (Figure 2, top row, right overlay). Tariqudar is known to be a less potent inhibitor
of ABCG2 than P-gp, and, as observed in Figure 2 second row, tariquidar at a concentration
of 1 uM was required to increase intracellular BODIPY-prazosin to levels achieved by 10
uM FTC (Figure 2, second row, left overlay). Overlays obtained by flow cytometry analysis
were similar (Figure 2, second row, right overlay). Tariquidar had no effect on MRP1-
mediated calcein transport (data not shown).

Experiments with verapamil yielded results consistent with previous reports. The effects of
verapamil at a concentration of 1, 10, or 100 uM were determined on each of the
transporters. As expected, 100 uM verapamil was able to inhibit rhodamine efflux from P-gp
expressing cells as efficiently as valspodar, although it began to lose efficacy at 10 uM, and
virtually no effect was observed with 1 uM (Figure 2, third row, left overlay). Again, this
result was mirrored in results obtained with a flow cytometer (Figure 2, third row, right
overlay). Verapamil was also able to inhibit MRP1, but was most effective only at the
highest concentration (100 uM) as observed with both the cell counter (Figure 2, bottom
row, left overlay) and a flow cytometer (Figure 2, bottom row, right overlay). Verapamil had
no effect on ABCG2-mediated BODIPY-prazosin transport (data not shown).

As cells transfected with ABCB1 yielded the largest dynamic range in terms of fold increase,
we evaluated the increase in rhodamine fluorescence when cells were incubated with
tariquidar or verapamil. Results are summarized in Table 2. Results paralleled those in Table
1, showing that the fold increase in rhodamine fluorescence was still greatest with the flow
cytometer.

3.3 Applications and modifications

Using the method presented herein would aid in determining the ability of compounds to
inhibit ABC transporter activity, information that would be valuable from a pharmacologic
standpoint. For example, a number of drugs and natural compounds have been shown to
adversely interact with digoxin, a P-gp substrate, most likely due to their ability to inhibit P-
gp. Therefore, determining that a given compound is an ABC transporter inhibitor may
avoid potential drug-drug interactions. Additionally, the methods described may be used for
the development of ABC transporter inhibitors that could increase brain penetration of
substrate drugs. Such inhibitors may have value in treating non-small cell lung cancer
patients with brain metastases where increased brain levels of tyrosine kinase inhibitors such
as gefitinib or erlotinib may result in an improved response. Finally, as mentioned above,
coadministration of oral topotecan with elacridar increased oral bioavailability of topotecan
in the absence of dose-limiting diarrhea. This may serve to decrease interpatient variability
and facilitate administration of oral agents. However, further clinical trials will be needed to
determine if the efficacy of IV therapies are maintained when drugs are administered orally.

While the fluorescent compounds used here are typically used for detection of ABC
transporter proteins, other substrates or even fluorescent-tagged antibodies could also be
used. BODIPY-labeled conjugates such as BODIPY-vinblastine and BODIPY -verapamil
have been used for the detection of P-gp. Fluorescent anions such as 5(6)-
carboxyfluorescein diacetate (CFDA) have been used to detect MRP1 and we have shown
that BODIPY-ceramide is transported by ABCG2. Additionally, antibodies could be used to
directly detect surface protein expression levels of ABC transporters. Antibodies such as
UIC-2 or MRK-16 are routinely used to detect P-gp by flow cytometry as is the 5D3
antibody for ABCG2. If the primary antibodies are used with appropriate secondary
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antibodies or are directly conjugated to a fluorescent moiety, this would be an additional
detection method for the cell counter. This could theoretically be done for any antibody used
in flow cytometry to detect cellular protein expression, highlighting the fact that the uses of
a fluorescent cell counter are not limited only to detection of ABC transporters.

In summary, we have demonstrated that the Cellometer® Vision, an automated cell counter
with fluorescence capability, can be used to characterize ABC transporter function as well as
drug/transporter interactions. The results obtained with the cell counter were comparable to
those obtained with a flow cytometer, although in the case of Pgp, the dynamic range was
lower with the cell counter. Nevertheless, the cell counter was useful as a rapid screen for
interaction with ABC transporters. Therefore, the experiments described here provide a
rapid, convenient, and less expensive method for assessment of transporter activity and may
be useful in identifying compounds that inhibit ABC transporter function.
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Figure 1.

Intracellular fluorescence of fluorescent substrates measured by the Vision and by flow
cytometer. A. Brightfiled images (left row) and fluorescent images (right row) of cells
incubated with 2 ug/ml rhodamine 123 in the absence (top row) or presence (bottom row) of
the P-gp inhibitor valspodar. B. Transfected cells were incubated with fluorescent substrate
in the presence (red line) or absence (blue line) of the appropriate inhibitor and then overlays
were generated with the Vision or a flow cytometer. Top row, ABCB1-transfected cells were
incubated with 2 ug/ml rhodamine in the presence or absence of 3 pg/ml valspodar; center
row, ABCG2-transfected cells were incubated with 500 nM BODIPY -prazosin in the
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presence or absence of 10 uM FTC; bottom row, ABCC1-transfected cells were incubated
with 500 nM calcein AM in the presence or absence of 100 uM MK571.
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Figure 2.

Comparison of fluorescence overlays obtained with the Vision or a flow cytometer. Top
row: Pgp-overexpressing cells were incubated with 2 ng/ml rhodamine 123 alone (red line),
or with rhodamine in the presence of 3 pg/ml valspodar (dark blue line), 0.1 uM (green line),
1 uM (black line) or 10 uM (light blue line) tariquidar. Second row: ABCG2-overepxressing
cells were incubated with 500 nM BODIPY-prazosin alone (red line) or with prazosin in the
presence of 10 uM FTC (blue line), 0.1 uM (green line) or 1 pM (black line) tariquidar.
Third row: cells were incubated as in the top row except that, instead of tariquidar, cells
were incubated with rhodamine 123 in the presence of 1 uM (green line), 10 uM (black line)
or 100 uM (light blue line) verapamil. Bottom row: MRP1-overexpressing cells were
incubated with 500 nM calcein AM alone (red line) or with calcein in the presence of 100
uM MKS571 (blue line), 1 uM (green line), 10 uM (black line) or 100 uM (light blue line)
verapamil. Results obtained with the Vision are in the left column while results obtained
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with a flow cytometer are in the right column. Results from one of at least 3 independent
experiments are shown.

J Pharmacol Toxicol Methods. Author manuscript; available in PMC 2012 May 1.



1duasnuey Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

Robey et al. Page 12

Table 1

Average fold-increase values for HEK293 cells expressing P-gp, MRP1 or ABCG2 as measured by flow
cytometer or cell counter.

Transporter Fold-increase

Cell counter | Flow cytometer p
P-gp 10.0£5.0 27.5£9.0 0.0085
MRP1 3.7£15 4.1+0.9 0.61
ABCG2 2.3+0.9 3.1+0.8 0.22

Fold-increase was determined by dividing intracellular fluorescence determined in cells incubated with substrate in the presence of inhibitor alone
by intracellular fluorescence determined in the presence of substrate alone. Substrate/inhibitor pairs were rhodamine/valspodar, calcein AM/
MKS571, and BODIPY-prazosin/FTC for P-gp, MRP1, and ABCG2, respectively. Mean + standard deviation is shown; p values were determined
by Students t-test between average fold-increase values measured by flow cytometer or cell counter. p < 0.05 was considered significant.
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