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Abstract 

Imaging ATP-binding cassette (ABC) transporter activity in vivo with positron emission 

tomography requires both a substrate and a transporter inhibitor. However, for ABCG2, there is 

no inhibitor proven to be specific to that transporter alone at the blood-brain barrier. Ko143, a 

non-toxic analog of fungal toxin fumitremorgin C, is a potent inhibitor of ABCG2, although its 

specificity in mouse and human systems is unclear. This study examined the selectivity of Ko143 

using human embryonic kidney cell lines transfected with ABCG2, ABCB1, or ABCC1 in 

several in vitro assays. The stability of Ko143 in rat plasma was measured using high 

performance liquid chromatography. Our results show that in addition to being a potent inhibitor 

of ABCG2, at higher concentrations (≥ 1 μM) Ko143 also has an effect on the transport activity 

of both ABCB1 and ABCC1. Furthermore, Ko143 was found to be unstable in rat plasma. These 

findings indicate that Ko143 lacks specificity for ABCG2 and should be taken into consideration 

when using Ko143 for both in vitro and in vivo experiments.  
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Introduction 

The treatment of brain disorders is often plagued with obstacles when it comes to 

maintaining optimal drug efficacy, in part due to the body’s resistance to the respective 

treatments. Although several hypotheses exist regarding the mechanisms that underlie drug 

resistance, one of the most prominent involves the overexpression of ATP-binding cassette 

(ABC) transporters at the blood-brain barrier (BBB) (Loscher and Potschka, 2005a, Kwan et al., 

2011). These membrane-bound ATP-driven efflux pumps serve to protect tissues by actively 

effluxing xenobiotics from cells into the extracellular space (Gottesman et al., 2002). For this 

reason, drug brain penetrance of transporter substrates is limited, and it is thought that increased 

transporter expression may exacerbate the situation (Gottesman et al., 2002, Loscher and 

Potschka, 2005b).  

P-glycoprotein (ABCB1, P-gp) was the first mammalian ABC transporter discovered and 

is also the most extensively studied. Increased ABCB1 expression has been observed in brain 

tissue from patients with epilepsy, brain tumors, and HIV, providing further evidence for its role 

in drug resistance (Tishler et al., 1995, Langford et al., 2004). However, in the case of drug 

resistant epilepsy (DRE) for example, whether ABC transporters are truly overexpressed remains 

uncertain partly due to a lack of appropriate control tissue samples. Excluding postmortem 

tissue, brain tissue samples from individuals whose condition is managed successfully by 

antiepileptic drugs are not available to determine whether observed increases in ABCB1 are 

unique only to those suffering from drug resistance (Loscher and Potschka, 2005a, Liu et al., 

2012a).  

Performing positron emission tomography (PET) scans in humans using a radiolabeled 

substrate and a non-radiolabeled selective inhibitor is a non-invasive alternative to measure ABC 
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transporter activity (Kannan et al., 2009). ABCB1 function can be assessed with radioligands 

such as [11C]-N-desmethyl-loperamide ([11C]dLop) or [11C]verapamil, both of which are avid 

substrates (Kannan et al., 2010, Romermann et al., 2013). [11C]dLop uptake into the brain before 

and after inhibition of ABCB1 with tariquidar can be quantified, giving insight into the activity 

of ABCB1 in healthy individuals in vivo (Kreisl et al., 2010). Recently, Feldmann and colleagues 

reported decreased uptake of [11C]verapamil in the temporal lobe of individuals with DRE 

compared to medication-responsive epileptics and healthy controls (Feldmann et al., 2013). This 

was the first in vivo evidence of ABCB1 overexpression in patients with DRE.  

Breast cancer resistance protein (ABCG2, BCRP) is another ABC transporter widely co-

expressed with ABCB1, and may be equally important in drug biodistribution (Sisodiya et al., 

2006, Ito et al., 2011, Kannan et al., 2013). Unlike ABCB1, no specific substrate exists for 

ABCG2 that has been radiolabeled and administered in vivo. [2-(11)C-carbonyl]dantrolene, a 

substrate of ABCG2, was synthesized by Takada and colleagues, but has not yet been tested in 

vivo (Takada et al., 2010). Therefore, the discovery of an ABCG2 substrate amenable to 

radiolabeling remains an active area of research (Wanek et al., 2013). Furthermore, in order to 

implement a PET imaging agent for ABCG2 function, a specific (non-radioactive) inhibitor of 

ABCG2 is required. The compound Ko143 is reported to be a potent ABCG2 inhibitor and may 

be a candidate for application in PET imaging studies along with a suitable radiotracer. Derived 

from fumitremorgin C (FTC) as a non-toxic analogue, Ko143 ((3S,6S,12aS)-1,2,3,4,6,7,12,12a-

octahydro-9-methoxy-6-( 2-methylpropyl)-1,4-dioxopyrazino[1′,2′:1,6]pyrido[3,4- b]indole-3-

propanoic acid 1,1-dimethylethyl ester; Fig. 1A) has been used over the past decade to examine 

the interaction between ABCG2 and pharmaceutical drugs in vitro and in vivo (Allen et al., 

2002). For example, Ko143 was found to elevate mouse brain levels of the ABCG2 substrate D-
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luciferin in a bioluminescence-based imaging strategy (Bakhsheshian et al., 2013b). Given the 

frequent use of Ko143, characterization of Ko143 in terms of specificity in both human and 

mouse cell lines is of particular significance given the known species differences of ABC 

transporters. 

Therefore, the aim of this study was to establish the efficacy and specificity of the 

inhibitor Ko143 concerning three ABC transporters: ABCG2, ABCB1, and multidrug resistance-

associated protein 1 (ABCC1, MRP1). We determined the selectivity using several cell-based in 

vitro assays with multiple cell lines expressing either human or mouse ABCG2 and ABCB1 or 

human ABCC1. The hydrolysis of Ko143 by plasma esterases was examined, and the transporter 

inhibitory activity of Ko143 acid (Fig. 1B), the hydrolytic metabolite of Ko143, was assessed.  

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 6, 2015 as DOI: 10.1124/jpet.115.225482

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #225482 

 

 

7 

Materials and Methods  

Chemicals 

  [3H]Ko143 was synthesized by Moravek Biochemicals (Brea, California). The final 

product had a specific activity of 5.0 Ci/mmol and a concentration of 1.0 mCi/mL, while high 

performance liquid chromatography (HPLC) indicated a radiochemical purity of 95.4%. Ko143 

(purity >99%) was purchased from Tocris Bioscience (Minneapolis, MN), and pheopohorbide a 

(PPA) and purpurin-18 (P-18) were obtained from Frontier Scientific (Logan, UT). Flavopiridol 

was obtained from the National Cancer Institute In Vitro Anticancer Drug Discovery Screen 

(Bethesda, MD). All other chemicals were purchased from Sigma Aldrich (St. Louis, MO) unless 

otherwise specified.  

 

Cell Lines 

Cultured cell lines were used to investigate the interaction between ABC transporters and 

Ko143. These included human embryonic kidney (HEK-293) cells transfected with human 

ABCG2 (HEK G2), ABCB1 (HEK B1), ABCC1 (HEK C1), and plasmid control (HEK PC), 

which were kindly provided by Dr. Susan Bates (NCI, Bethesda, MD) (Müller et al., 2002, 

Robey et al., 2003, Robey et al., 2011). HEK PC cells served as the parental line. Additional cell 

lines used to examine ABCG2 were the human breast cancer cell line MCF-7 and its ABCG2-

expressing variant MCF-7/FLV10000, as well as the mouse embryonic fibroblast cell line MEF 

3.8 and its Abcg2-expressing variant MEF M32 (mouse G2). The mouse embryonic fibroblast 

cell line 3T3 and its Abcb1a-expressing variant C3M (mouse B1) were used along with the HEK 

cell line to study ABCB1. A mouse Abcc1 cell line was not included due to a lack of a stably-

transfected cell line. HEK cells were grown in Eagle’s minimum essential medium (EMEM) 
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supplemented with 2 mg/mL G418 (a Gentamicin-related selecting agent) to ensure stable 

transporter expression. Occasionally, 4 μM etoposide was added to HEK C1 cells to enforce 

ABCC1 expression. The remaining cell lines were grown in Dulbecco’s modified Eagle’s 

medium (DMEM) with the following supplementation for the resistant lines: 10 μg/mL 

flavopiridol for MCF7/FLV10000, 32 nM mitoxantrone (MTX) for MEF M32, and 1 μg/mL 

colchicine for C3M. Both culture mediums were supplemented with 10% FBS, 5 mM glutamine, 

50 units/mL penicillin, and 50 μg/mL streptomycin (Lee et al., 1998). All cell lines were grown 

at 37 °C in 5% CO2.  

 

Animals 

 Blood from one Sprague-Dawley rat (530 g) was drawn via cardiac puncture and 

subsequently used for HPLC experiments. Animal experiments were performed in accordance 

with the Guide for Care and Use of Laboratory Animals (2001) and were approved by the 

National Institute of Mental Health Animal Care and Use Committee.  

 

Cytotoxicity Assay 

To determine whether Ko143 interacts with ABCB1 and ABCC1, cytotoxicity assays 

were performed to measure the extent to which Ko143 inhibited efflux of transporter-specific 

cytotoxic substrates. Cell viability was measured using the CellTiter-Glo Luminescent Cell 

Viability Assay (Promega, Madison, WI). The protocol was followed as described by 

Brimacombe and colleagues (2009) except with the following modifications. Cells were seeded 

at a density of 4,000 cells per well in 100 μL of media. Serial dilutions of cytotoxic drugs were 

made in either EMEM or DMEM, and an additional 100 μL of drug-containing media was added 
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to each well. The following transporter-substrate cytotoxic drugs were used: MTX for ABCG2, 

paclitaxel for ABCB1, and doxorubicin for ABCC1.  The outcome measure was half maximal 

inhibitory concentration (IC50), which indicates the concentration of cytotoxic drug required to 

decrease cell viability by 50% compared to untreated control cells (Brimacombe et al. (2009). 

Resistance ratio (RR) was then calculated by dividing the mean IC50 from three separate 

observations of the transporter-expressing cell line by that of the parental cell line. 

 

Inhibition of Transporter Function 

The efflux of transporter-specific fluorescent substrates was measured by flow cytometry 

as an additional method of determining the interaction between Ko143 and the ABC transporters. 

Cells expressing human or mouse ABCB1 and human ABCC1 were suspended in EMEM 

containing 10% FBS at a density of 2.0 × 105 cells/mL. The cells were then washed with 

Iscove’s modified Dulbecco’s medium containing 5% FBS and centrifuged to form a pellet. The 

cells were re-suspended in media containing either the fluorescent ABCB1 substrate rhodamine-

123 (rh123, 1.3 μM) or the fluorescent ABCC1 substrate calcein-AM (CAM, 0.25 μM) under the 

following conditions: no drug (untreated), inhibitor-treated (positive control), and Ko143-treated. 

Cyclosporin A (CSA, 5 μM) and MK571 (50 μM) acted as the positive control inhibitors for 

ABCB1 and ABCC1, respectively. The cells were incubated for 45 min in the dark at 37 °C after 

which they were washed and resuspended in 300 μL of 0.1% bovine serum albumin in 

phosphate-buffered saline (pH 7.4). The samples were then kept on ice until analysis (within 1 

h), which was performed using a FACSCalibur flow cytometer (BD Biosciences, San Jose, CA). 

The geometric mean of fluorescence intensity was recorded for a total of 10,000 cells per sample 
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in the FL-2 (rh123) or the FL-1 (CAM) channels. Data were analyzed using FlowJo software 

(Tree Star, Inc., Ashland, OR).  

 The flow cytometry experiments using ABCG2 expressing cells were performed as 

described above except with the following modifications. The fluorescent substrates used were 

MTX, PPA, Hoechst 33342 (Hoechst), JC-1, and P-18 at a concentration of 5 μM. FTC (5 μM) 

acted as the positive control inhibitor. Cells under each condition were incubated for 30 minutes 

in the dark at 37 °C. Data were recorded using an LSR II flow cytometer (BD Biosciences, San 

Jose, CA) using an excitation emission wavelength of 488/575 for JC-1. The excitation emission 

wavelengths for the remaining fluorescent substrates are outlined in (Bakhsheshian et al., 2013a). 

 

ATPase Assays 

To determine how Ko143 interacts with ABCG2 and ABCB1, ATPase assays were 

performed using crude membranes isolated from Hi-five insect cells expressing ABCB1 or 

ABCG2. The protocol described in Kannan et al. (2011) was followed. Briefly, the membrane 

vesicles in ATPase assay buffer (50 mM MES-Tris buffer (pH 6.8), 50 mM KCl, 5 mM sodium 

azide, 1 mM EGTA, 1 mM ouabain, 10 mM MgCl2, and 2 mM DTT) were incubated in varying 

concentrations of Ko143 with or without beryllium fluoride (0.2 mM beryllium sulfate plus 2.5 

mM NaF). The ATP hydrolysis was measured by estimating the release of inorganic phosphate 

after incubation with 5 mM ATP as described previously (Shukla et al., 2006). 

 

Uptake of [3H]Ko143 in cells 

The specificity of Ko143 for ABCG2 was also measured using radioactivity uptake 

assays. Cells were seeded at a density of 2.5 × 105 cells/mL of media per well in a 24-well plate. 
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A time-course assay was performed to determine the time at which a stable level of [3H]Ko143 

was reached, as follows: media containing [3H]Ko143 was added to each well and subsequently 

aspirated at specific time points between 0 and 45 min. Three wells received non-radioactive 

media to account for background signal, while another three were reserved for cell counts in 

order to standardize accumulation. After media was removed, cells were washed in phosphate 

buffered solution (pH 7.4) and 100 µL of trypsin was added to each well for 90 min. 

Radioactivity was then measured using a liquid scintillation counter. After correction for cell 

counts, radioactivity was expressed as fmol/106 cells. 

Subsequent accumulation assays were performed over 30 min. Media containing 

[3H]Ko143 was added to parent and transporter-expressing cells with and without the addition of 

a transporter-specific inhibitor. The cells were incubated at 37 °C for 30 min before the 

radioactive media was aspirated, and the remainder of the protocol was followed as previously 

described. The following inhibitors were used: Ko143 (1 μM for ABCG2), FTC (5 μM for 

ABCG2), DCPQ (5 μM for ABCB1), and MK571 (50 μM for ABCC1). 

 

Stability of Ko143 in Rat Plasma 

Reversed-phase chromatography was used to determine the stability of Ko143 over time 

in rat plasma. A mobile phase composition of 80% MeOH: 20% H2O: 0.1% Et3N was found to 

be optimal to give an elution time (tR = 9.47 min) sufficiently long for Ko143 to be resolved 

from any polar metabolites (tR = 4.38 min). Whole blood was collected with a heparin-coated 

syringe by means of a cardiac puncture. The blood was then centrifuged at 1,800 × g for 5 min 

and the resulting plasma supernatant was collected into separate tubes. Plasma was immediately 

distributed into tubes for the following conditions: plasma plus 1 mM Ko143, plasma plus 50 µL 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 6, 2015 as DOI: 10.1124/jpet.115.225482

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #225482 

 

 

12

of saturated NaF solution (an esterase inhibitor) and 1 mM Ko143, and DMSO plus 1 mM 

Ko143 (negative control). Ko143 was added to the appropriate tubes at time 0 and samples were 

taken at 5, 10, 15, 30, and 60 min at room temperature. The addition of 1 mM Ko143 to the 

plasma resulted in a saturated concentration in which the samples were spun down, and the clear 

supernatant removed and subsequently used for experimentation. We elected to start with an 

excessive concentration of Ko143 to ensure detectability of metabolites as well as the parent. For 

each time point, samples were immediately transferred to tubes containing acetonitrile (MeCN) 

in order to stop the reaction and deproteinize the samples. The samples were subsequently 

centrifuged for 1 min at 10,000 × g. 100 µL of the clear supernatant was injected onto an X-terra 

Prep C18 column (7.8 × 300 mm; Waters Corporation, Milford, MA) and eluted at 4 mL/min. 

Absorbance was determined at 228 nm wavelength.   

 

Synthesis of Ko143 Acid 

Hydrolysis of t-butyl ester in trifluoroacetic acid (TFA) (Turkman et al., 2011) was 

adapted for the preparation of Ko143 acid. Ko143 (7.93 mg) and TFA (300 µL) were added to a 

Pyrex glass tube fitted with rubber septa and N2 gas balloon, and heated in an oil bath at 50 °C 

for 15 min. TFA from the resulting brown solution was removed by a stream of N2 gas. The 

residue was dissolved in MeCN (400 µL), filtered through a small plug of silica gel to obtain a 

light yellow solution. Evaporation of MeCN under a stream of N2 gas gave a crude product (7.94 

mg) as a light yellow solid. The crude product (5.0 mg) was dissolved in MeCN (2 mL) and 

divided into 4 portions. Each portion of the solution (0.5 mL) was premixed with 0.5% aqueous 

triethylamine solution (pH = 9, 0.5 mL), then injected on a semi-preparative column (Luna, C18, 

10 µm, 250 × 10 mm), eluted at 6 mL/min with a mixture of 0.1% aq. TFA (A) and MeCN (B), 
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with eluent monitored for absorbance at 298 nm. The initial composition of B was at 35% for 1 

min, and increased to 80% after 10 min. HPLC fractions at 6.5–7.5 min were collected and 

combined. After removal of solvent, the residue was dissolved in dichloromethane (400 µL) and 

transferred to a small glass vial (4 mL). Dichloromethane was removed under a stream of N2 gas, 

then under high vacuum to afford Ko143 acid (1.44 mg, >98% pure). Liquid chromatography-

mass spectrometry (LC-MS) (m/z = 414.2 for M+H+) and analytical HPLC (tR = 5.3 min) 

analyses confirmed the identity of the acid product.  

 

Statistical Analysis 

Data are expressed as mean ± S.D. from three observations for the inhibition, 

cytotoxicity, ATPase, and radioactivity accumulation assays, while the data for HPLC were 

drawn from one observation. Statistical significance was evaluated for the cytotoxicity assays via 

student’s t-test (unpaired, two-tailed, α = 0.05) and for inhibition and radioactivity accumulation 

assays by a one-way ANOVA followed by the Bonferroni post-t-test (α = 0.05).
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Results 

HEK-293 cell lines transfected with human ABCG2, ABCB1, ABCC1, or plasmid 

control were used to examine the specificity of Ko143. This ensured stable expression of 

individual ABC transporters (Müller et al., 2002, Robey et al., 2003, Robey et al., 2011), and 

since each cell line was transfected with only one transporter, concern over low levels of other 

transporters interfering with the results was minimal. To confirm functional transporter 

expression, we examined the resistance of each cell line to a transporter-specific cytotoxic 

substrate (Table 1). Resistance was indicated by a higher IC50 value for each cytotoxic drug. 

Compared to HEK PC, HEK G2 was 28 times more resistant to MTX, HEK B1 was 414 times 

more resistant to paclitaxel, and HEK C1 was 140 times more resistant to doxorubicin. In murine 

cell lines compared to their respective parental cells, mouse G2 cells were 46 times more 

resistant to MTX and mouse B1 cells were 826 times more resistant to paclitaxel (Table 2). 

Using a cytotoxicity assay, we determined the toxicity of Ko143 against the HEK cells in order 

to ensure that our results were not associated with increased cell death due to Ko143. 

Concentrations higher than 5 μM were found to be toxic to all HEK cell lines after incubation for 

72 h (data not shown).  

 

At Higher Concentrations, Ko143 is Not Specific for ABCG2 

We examined the inhibitory effect of Ko143 by measuring the sensitization of each cell 

line to a transporter-specific cytotoxic substrate. As expected, concentrations as low as 10 nM 

Ko143 significantly decreased (2.5-fold) the IC50 of MTX for HEK G2 cells (P < 0.01; Table 1) 

and mouse G2 cells (P < 0.001; Table 2) compared to untreated cells. HEK B1 and HEK C1 cells 

were sensitized by 1 μM Ko143 to paclitaxel (P < 0.0001) and doxorubicin (P < 0.001), 
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respectively, while 5 μM Ko143 sensitized both cell lines 18-fold (P < 0.0001; Table 1). Mouse 

B1 cells were also sensitized to paclitaxel by 1 μM Ko143 compared to untreated resistant cells 

(P < 0.01; Table 2).  

Flow cytometry was used to examine efflux of fluorescent substrates of each transporter. 

Higher concentrations of Ko143 could be used for these assays because of the short incubation 

time (≤ 45 min). All concentrations of Ko143 tested increased the accumulation (due to 

inhibition of efflux) of MTX in HEK G2 cells (P < 0.0001) at least 3.5-fold compared to baseline 

accumulation in these cells (Fig. 2). Accumulation of the ABCB1 substrate rh123 increased 

significantly in HEK B1 cells after administration of 20 (P < 0.001), 50 (P < 0.0001), and 100 (P 

< 0.0001) μM Ko143, compared to untreated HEK B1 cells (Fig. 2). No effect was observed at 

lower concentrations (data not shown). In mouse B1 cells, we observed a greater increase of 

rh123 accumulation with 20 (two-fold increase, P < 0.0001) and 50 (three-fold increase, P < 

0.0001) μM Ko143 (Fig. 3). Ko143 also inhibited ABCC1 in HEK C1 cells as indicated by a 

four-fold and seven-fold increase in accumulation of CAM after 10 and 20 μM (P < 0.0001) 

were administered, respectively (Fig. 2). Positive control inhibitors were used as indicators of 

maximal ABC transporter inhibition. Compared to untreated cells, 5 μM FTC resulted in a three-

fold higher accumulation of MTX in both HEK cells and mouse G2 cells, 5 μM CSA resulted in 

an 11-fold higher accumulation of rh123 in HEK cells and a four-fold higher accumulation in 

mouse B1 cells, and 50 μM MK571 resulted in a seven-fold higher accumulation of CAM in 

HEK cells (Fig. 2).  

 

Ko143 Inhibits both Human and Mouse ABCG2 
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In order to identify possible differences between species, we measured the effect of 

Ko143 on the accumulation of five different fluorescent substrates (5 μM) in HEK G2 and mouse 

G2 cells. Of the five tested substrates, significant differences in Ko143 inhibitory IC50s were 

observed between human and mouse cell lines for MTX, Hoechst, and P-18; no significant 

differences were found for PPA or JC-1 (Table 3; Fig. 4). 

 

Ko143 Stimulates ABCB1 ATPase Activity 

We used an ATPase assay to determine the ATPase activity of ABCG2 and ABCB1 in 

the presence of increasing Ko143 concentrations. At a concentration of 50 nM Ko143, we 

observed a four-fold decrease in the ATPase activity of ABCG2, while 1 μM Ko143 elicited a 

six-fold decrease (IC50 = 9.7 nM; Fig. 5). This is consistent with the effect of high-affinity 

inhibitors on ABC transporters. In contrast, we observed a biphasic effect on ABCB1, with  a 

stimulation of ATPase activity of ABCB1. For example, 10 μM Ko143 resulted in peak 

orthophosphate levels two-fold higher than basal, and at 100 μM stimulation decreased from 

Vmax (IC50 = 2.7 μM; Fig. 5). The ATPase activity of ABCC1 was not measured as this 

transporter exhibits very low basal activity in insect cell membranes.  

 

Accumulation of [3H]Ko143 in ABCG2 Cells is Displaced by ABCG2 Inhibitors  

Radiolabeled Ko143 was used to determine whether Ko143 is transported by ABCG2, 

ABCB1 or ABCC1. We compared accumulation of [3H]Ko143 in HEK G2, HEK B1, and HEK 

C1 cells to HEK PC cells. Cellular binding of [3H]Ko143 in HEK G2 cells (838.7 ± 74.3 

fmol/106 cells) was two-fold higher than binding to HEK PC cells (359.5 ± 15.7 fmol/106 cells) 

and was displaced after co-incubation with 5 μM FTC (333.3 ± 41 fmol/106 cells; P < 0.0001) 
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while HEK PC binding remained unaffected (349.5 ± 14.6 fmol/106 cells) (Fig. 6A). In a 

separate experiment, 1 μM Ko143 also effectively decreased [3H]Ko143 binding two-fold (P < 

0.01) in HEK G2 cells (Fig. 6B). We repeated the assay with additional pairs of cells expressing 

human ABCG2 (MCF7/FLV10000; Fig. 6C) and mouse G2 (Fig. 6D) with their respective 

parent cell lines and found similar two-fold decreases in [3H]Ko143 binding after co-incubation 

with 5 μM FTC or 1 μM Ko143 (all P < 0.0001). We found no difference in binding of 

[3H]Ko143 to HEK B1 cells (Fig. 6E), HEK C1 cells (Fig. 6F), or mouse B1 cells (data not 

shown) when compared to parental cells or after co-incubation with 5 μM DCPQ (HEK B1 and 

mouse B1), or 50 μM MK571 (HEK C1).  

Ko143 Metabolite Does Not Inhibit the Function of ABC Transporters 

Because Ko143 is a tert-butyl ester that would be susceptible to enzyme-mediated 

hydrolysis in plasma, we examined the rate of hydrolysis of the parent compound in rat plasma 

using HPLC. Ko143 quickly metabolized in rat plasma, with 50% degradation at ≈ 12 min and 

no remaining parent compound at 60 min (Fig. 7A). Addition of the esterase inhibitor NaF 

completely halted the hydrolysis of Ko143 (Fig. 7A). Based on this observation, we examined 

whether the hydrolytic product of Ko143 that would result from the loss of the tert-butyl ester 

group had any inhibitory effect on transporters. The carboxylic acid derivative was synthesized 

from Ko143 (Fig. 1B), and we measured the effect of transporter inhibition using flow cytometry 

in the same manner as for Ko143 (Fig. 7B-D). In HEK G2 cells only the highest concentration of 

the Ko143 acid tested (100 μM) significantly increased MTX accumulation (P < 0.01) compared 

to untreated cells (Fig. 7B). No differences in accumulation of rh123 or CAM were observed at 

concentrations of Ko143 acid ranging from 1-100 μM in HEK B1 or HEK C1 cells, respectively 

(Fig. 7C-D). 
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Discussion 

 Our results indicate that although Ko143 effectively inhibits ABCG2 at nanomolar 

concentrations, it also has an effect on ABCB1 and ABCC1 at higher micromolar concentrations. 

Few studies have been conducted in which the IC50 of Ko143 was determined for transporters 

other than ABCG2. Allen et al. (2002) reported that the EC50 of Ko143 was 1.0 ± 0.3 μM for 

ABCB1-mediated paclitaxel resistance and 2.0 ± 0.4 μM for ABCC1-mediated etoposide 

resistance. A literature and transporter database search performed by Matsson et al. (2009) 

flagged Ko143 as an inhibitor of ABCB1. However, they and Kuhnle et al. (2009) were unable 

to measure the exact IC50 of Ko143 on cells expressing human ABCB1 using CAM efflux 

assays. Data from the present study suggest that this was probably due to the fact that the highest 

concentration of Ko143 used in both studies was 10 μM. Nevertheless, Szolomajer-Csikós et al. 

(2013) also used a CAM efflux assay and found the IC50 of Ko143 to be 8.74 ± 0.29 μM for 

ABCB1 and 9.13 ± 1.07 μM for ABCC1. In addition, 800 nM Ko143 partially inhibited 

basolateral to apical transport of amprenavir in cells overexpressing ABCB1 (Liu et al., 2014).  

Because the in vivo use of Ko143 has predominately been in mice and rats, we repeated 

the cytotoxicity and flow cytometry experiments in cells expressing mouse ABCB1. While the 

cytotoxicity data were similar to that found for human ABCB1-expressing cells (Table 2), the 

uptake of rh123 into mouse B1 cells was much greater than observed in HEK cells expressing 

human ABCB1 (Fig. 3). Testing Ko143 in vivo was outside the scope of our own study, but Liu 

et al. (2012b) found that although the brain concentration of Ko143 was below the lower limit of 

detection in wild type mice following a 3 mg/kg Ko143 dose, it was approximately three times 

higher in Abcb1a/b-knockout and Abcb1a/b/Abcg2-knockout mice than in Abcg2-knockout mice. 
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Based on this, the authors hypothesized that Ko143 was a dual substrate of ABCG2 and ABCB1 

(Liu et al., 2012b). 

 Our ATPase data for Ko143 with ABCB1 demonstrates that this compound interacts with 

ABCB1, but does not directly confirm that Ko143 is a substrate of ABCB1. Increased ATPase 

activity could be the indirect outcome of a different interaction between Ko143 and ABCB1, for 

example, a possible allosteric interaction. If Ko143 were a substrate of ABCB1, decreased 

accumulation of [3H]Ko143 would be observed in transporter-expressing cells versus parental 

control cells, and diminished accumulation should be restored with the addition of an ABCB1-

specific inhibitor. For example, Kannan et al. (2011) showed this substrate-transporter 

interaction with [3H]tariquidar and ABCG2 in which cellular accumulation of [3H]tariquidar in 

resistant cells increased to that of the parent after the addition of 5 μM FTC. However, in the 

present study, [3H]Ko143 did not behave as a substrate of human or mouse ABCB1 or human 

ABCC1 (Fig. 6E-F).  

 Despite the interactions between Ko143 and other ABC transporters, the extant literature 

shows that Ko143 is currently the ABCG2 inhibitor of choice. Our results regarding Ko143’s 

interaction with ABCG2 are in close agreement with the original study by Allen et al. (2002) 

who reported reversal of ABCG2-mediated resistance of MTX and topotecan with 25 nM of 

Ko143 in human and mouse cell lines. We also determined the IC50 of Ko143 inhibition of 

ABCG2 in human and mouse cells lines using multiple known ABCG2 fluorescent substrates 

(Table 3, Fig. 4), confirming efficacy in both species (Polgar et al., 2008, Strouse et al., 2010, 

Bakhsheshian et al., 2013a).  

Ko143 is an ester (Fig. 1A), and therefore susceptible to hydrolysis by plasma esterases, 

which results in an acid as the major metabolite (Fig. 1B). We wondered whether this metabolite 
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had any effect on the activity of ABCG2, ABCB1, or ABCC1, or even whether this acid was 

solely responsible for the observed interactions. We observed a rapid loss of the Ko143 HPLC 

peak in rat plasma, which was undetectable at 60 min in vitro (Fig. 7A). The pan-esterase 

inhibitor NaF completely prevented metabolism and resulted in steady levels of Ko143 over time 

(Fig. 7A), indicating that enzymatic hydrolysis was responsible for the degradation. There is 

conflicting literature regarding the stability of Ko143; Zander and colleagues found that Ko143 

was unstable ex vivo in mouse plasma, but detectable in vivo for up to 120 min in mice 

administered with 10 mg/kg (IP) Ko143 (Zander et al., 2013). This could be due to a reservoir 

effect of poorly soluble Ko143 in vivo. Conversely, as part of a cassette dosing study, Liu and 

colleagues could not detect Ko143 in plasma, brain, or CSF at multiple time points (0.25, 1, and 

3 h) after 3 mg/kg dosing, and concluded that it was likely due to rapid clearance (Liu et al., 

2014).  

 We then synthesized the acid metabolite of Ko143 (see Methods) to determine if Ko143 

acid alone affected the efflux of fluorescent substrates. Other than relatively weak inhibition of 

efflux in HEK G2 cells, Ko143 acid had no effect on increased cellular accumulation of 

transporter-specific substrates (Fig. 7B-D). Thus, the observed effect of Ko143 with the 

transporters studied here was primarily due to the parent compound and not to the hydrolysis 

product. This reinforces the importance of the stability data, given that Ko143 is not present in 

rat plasma after 60 minutes and the acid has essentially no effect on efflux.     

 We found that cellular accumulation of [3H]Ko143 was approximately two-fold higher in 

cells expressing human (Fig. 6A-C) and mouse (Fig. 6D) ABCG2 than in their respective parent 

cell lines. Co-addition of either 5 μM FTC or 1 μM (cold) Ko143 competitively displaced Ko143 

ABCG2 binding, decreasing accumulation to that of the parent (Fig. 6A-D). The same pattern of 
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accumulation was observed by Kannan and colleagues with the high-affinity ABCB1 inhibitor 

[3H]tariquidar in cells expressing ABCB1, leading the authors to conclude that the higher 

accumulation in resistant cells was due to reversible binding of the inhibitor to the transporter 

(Kannan et al., 2011). Furthermore, Elias and colleagues demonstrated specific binding of the 

ABCB1 inhibitor [3H]BIBW22 BS, showing higher binding to ABCB1-expressing CEM/VLB1.0 

cells compared with the parent CEM cells (Liu et al., 1996). We conclude that this elevated 

‘accumulation’ is due to specific binding of [3H]Ko143 to ABCG2.  

  Although performing in vivo experiments was outside the realm of this study, we can 

extrapolate our findings to predict the interactions of Ko143 in vivo. Ko143 was previously 

found to have a plasma protein binding of 92-95% (Zhang et al., 2011) and based on this, the 

theoretical unbound plasma concentration in a 20 g mouse after a 10 mg/kg dose is 10.6 μM 

(assuming a 95% plasma protein binding). At this concentration, Ko143 would effectively inhibit 

ABCB1 and ABCC1 in addition to ABCG2 according to our in vitro results, but given how 

quickly Ko143 is metabolized in plasma it is safe to assume that after a relatively short time only 

ABCG2 would be affected.  

 Currently, there is no reliable method of imaging ABCG2 activity in humans in vivo. In 

transgenic mice expressing the luciferase gene, activity was measured using the ABCG2 

substrate D-luciferin before and after Ko143 administration (Bakhsheshian et al., 2013b). 

Because bioluminescence is not an option in the CNS of humans, a specific ABCG2-substrate 

that can be efficiently radiolabeled is needed instead. Towards this end, Langer and colleagues 

developed a PET imaging paradigm to measure ABCG2 activity in vivo without the need for a 

specific ABCG2 radiolabeled substrate (Wanek et al., 2012). Mice with genetic or 

‘pharmacologic’ (achieved with 8 mg/kg tariquidar) ABCB1 knockout were imaged with the 
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dual ABCB1/ABCG2 substrate [11C]tariquidar before and after injection of 10 mg/kg Ko143. 

The increase in [11C]tariquidar signal after administration of Ko143 was attributed to ABCG2 

inhibition, resulting in an indirect measure of ABCG2 activity. Although this method can be 

easily executed in mice, it remains uncertain whether complete inhibition of ABCB1 is 

achievable in humans. The ideal situation would be to have a substrate and inhibitor specific to 

the transporter of interest, but this has proved difficult given the overlapping substrate affinity of 

ABC transporters present at the BBB. As demonstrated in this study, Ko143 is not a specific 

inhibitor of ABCG2 at in vivo concentrations, which places greater importance on finding a 

specific ABCG2-substrate amendable to radiolabeling. If the substrate does not interact with any 

of the other transporters at the low concentrations required for PET imaging, then the 

promiscuity of Ko143 is not an issue as long as it effectively inhibits ABCG2 at the BBB.   

 It should be noted that the option remains to use radiolabeled Ko143, given that Ko143 is 

specific for ABCG2 at the low concentrations needed for PET imaging. By placing a carbon-11 

in the methoxy group, [11C]Ko143 might be used to measure ABCG2 density in humans at the 

BBB and blood-tumor barrier. Although, as Kannan and colleagues have noted, a radiolabeled 

inhibitor would need an exceptionally high affinity (in the picomolar range) for the transporter in 

order to be able to measure local changes in transporter density, due to the high density of 

endothelial cells throughout the brain (Kannan et al., 2013).  

 The results of this study demonstrate that the inhibitor Ko143 is not specific for ABCG2. 

At micromolar concentrations, it interacts with both human and mouse ABCB1 and human 

ABCC1. Although the acid metabolite of Ko143 has no appreciable effect on transporter-

mediated efflux, the instability of Ko143 in rat and mouse plasma should be considered when 

utilizing this inhibitor in vivo. Further characterization is required in wild type and 
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ABCB1/ABCG2 knockout mice to better understand the specificity of Ko143 in vivo. In 

addition, cellular disposition of Ko143 may be affected by uptake transporters at the BBB and 

future studies will need to be conducted to determine the extent of this impact. Given these 

results, finding a specific substrate or modulator for use with PET imaging becomes even more 

important in order to image ABCG2 activity in humans.     
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Figure Legends 

Figure 1. Structure of Ko143 (A) and Ko143 acid (B).  

 

Figure 2. The effect of Ko143 on the accumulation of a fluorescent substrate of ABCG2, 

ABCB1, or ABCC1. Fluorescent substrates used were mitoxantrone (MTX; 5 μM) for ABCG2, 

rh123 (1.3 μM) for ABCB1, and calcein-AM (CAM; 0.25 μM) for ABCC1. Bars represent mean 

fluorescence from three experiments ± SD. For each experiment, accumulation was defined as 

mean peak fluorescence intensity in parental and transporter-expressing cells without the 

addition of an inhibitor (white bars), as well as transporter-expressing cells with varying 

concentrations of Ko143 (gray bars), and normalized against accumulation in parental cells. 

Positive control inhibitors (striped bars) used were fumitremorgin C (FTC; 5 μM for ABCG2), 

cyclosporin A (CSA; 5 μM for ABCB1), and MK571 (50 μM for ABCC1). *** P < 0.001, **** P 

< 0.0001 (α < 0.05, from baseline accumulation in resistant cell line) by one-way ANOVA. 

 

Figure 3. Accumulation of the fluorescent substrate rh123 (1.3 μM) in cells expressing human 

ABCB1 (A) and mouse B1 (B). For each experiment, accumulation was defined as mean peak 

fluorescence intensity in parental and transporter-expressing cells without the addition of an 

inhibitor (white bars), as well as transporter-expressing cells with varying concentrations of 

Ko143 (shaded bars), and with the addition of the positive control inhibitor cyclosporin A (CSA; 

striped bars; 5 μM). Data normalized to accumulation in parental cells from three experiments ± 

SD. *** P < 0.001, **** P < 0.0001 (α < 0.05, from baseline accumulation in resistant cell line) by 

one-way ANOVA. 
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Figure 4. Accumulation of five fluorescent substrates of ABCG2 measured in cells expressing 

human and mouse ABCG2 in the presence of Ko143. Dose-effect curves of fluorescence 

displayed as the mean fluorescence intensity across three observations ± SD, normalized to the 

maximal fluorescence (10 μM Ko143). Each fluorescent compound was tested at 5 μM: 

mitoxantrone (MTX), pheophorbide a (PPA), Hoechst 33342 (Hoechst), JC-1, and purpurin-18 

(P-18).  

 

Figure 5. ATPase activity of ABCG2 and ABCB1 in the presence of Ko143. Data points 

represent the beryllium fluoride-sensitive basal activity normalized to basal activity (100%) to 

calculate percent increase or decrease of activity in the presence of indicated concentration of 

Ko143. Each point is the mean from three separate experiments ± SD.  

 

Figure 6. Accumulation of [3H]Ko143 in parental cells and human embryonic kidney (HEK) G2 

cells (A, B), MCF7/FLV10000 cells (C), mouse G2 cells (D), mouse B1 cells (E), and HEK C1 

cells (F). Accumulation is represented in untreated cells (black bars) and cells after 

administration of a positive control inhibitor (striped bars): Ko143 (1 μM for ABCG2), 

fumitremorgin C (FTC; 5 μM for ABCG2), DCPQ (5 μM for ABCB1), and MK571 (50 μM for 

ABCC1). Bars represent the average of three observations ± SD. ** P < 0.01, *** P < 0.001, **** P 

< 0.0001 (α < 0.05, from baseline accumulation in resistant cell line) by one-way ANOVA. 

 

Figure 7. The effect of the hydrolysis product of Ko143 on the uptake of fluorescent substrates 

in cells expressing ABCG2 (B), ABCB1 (C), or ABCC1 (D). White bars represent cells not 

treated with an inhibitor, and shaded bars represent cellular accumulation of transporter-specific 
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fluorescent substrates in the presence of increasing concentrations of Ko143. The striped bars 

indicate accumulation in transporter-expressing cells after administration of a positive control 

inhibitor: Ko143 (1 μM for ABCG2), DCPQ (5 μM for ABCB1), and MK571 (50 μM for 

ABCC1). Bars represent mean fluorescence intensity from three observations normalized to 

accumulation in parental cells ± SD. Stability of the parent compound in rat plasma over 60 

minutes before (black circles) and after administration of NaF (open squares) as measured by 

high performance liquid chromatography (HPLC) (A). Each data set normalized to five-minute 

time points. ** P < 0.01 (α < 0.05, from baseline accumulation in resistant cell line) by one-way 

ANOVA.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on July 6, 2015 as DOI: 10.1124/jpet.115.225482

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #225482 

 

 

35

 
 
Table 1. Effect of Ko143 on the cytotoxicity of transporter-specific substrates in human cell lines 
 
 

    Cytotoxicity value (IC50) 

Drug alone 
Drug + 1 nM 

Ko143 
Drug + 10 nM 

Ko143 
Drug + 100 nM 

Ko143 
Drug + 1 μM 

Ko143 
Drug + 5 μM 

Ko143 

Cell Line 
Cytotoxic 

Drug IC50 (nM) RR   IC50 (nM) RR   IC50 (nM) RR   IC50 (nM) RR   IC50 (nM) RR   IC50 (nM) RR 

HEK ABCG2 MTX 138 ± 20 28 98 ± 8.3 20a 54 ± 1 11b 1 ± 0.3 0.2c 2 ± 0 0.4c 1.4 ± 0.3 0.3c 

HEK PC MTX 5 ± 0                                 

HEK ABCB1 Paclitaxel 1243 ± 40 414 -- -- 1205 ± 43 402 393 ± 37 131d 67 ± 13 22d 

HEK PC Paclitaxel 3 ± 1                         

HEK ABCC1 Doxo 2481 ± 75 92 -- -- 3136 ± 226 116b 652 ± 292 24c 222 ± 27 8d 

HEK PC Doxo 27 ± 5                                 
Abbreviations: Doxo, doxorubicin; MTX, mitoxantrone; HEK, human embryonic kidney cells; RR, resistance ratio (the quotient of the 
IC50 value of the resistant cell line to that of the parental line).  
a P < 0.05, b P < 0.01, c P < 0.001, d P < 0.0001 (α < 0.05, from initial IC50 value of resistant cell line) by student’s two-tailed t-test. 
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Table 2. Effect of Ko143 on the cytotoxicity of transporter specific substrates in mouse cell lines 
 
 
 
 
 
 
 
 
 
 

Abbreviations: MTX, mitoxantrone; RR, resistance ratio (the quotient of the IC50 value of the resistant cell line to that of the parental 
line).  
b P < 0.01, c P < 0.001, d P < 0.0001 (α < 0.05, from initial IC50 value of resistant cell line) by Student’s two-tailed t-test. 
 
 

 

 

 

 

 

 

 

 

Cytotoxicity value (IC50) 

Drug alone 
Drug + 1 nM 

Ko143 
Drug + 10 nM 

Ko143 
Drug + 100 nM 

Ko143 
Drug + 1 μM 

Ko143 

Cell Line 
Cytotoxic 

Drug IC50 (nM) RR IC50 (nM) RR IC50 (nM) RR IC50 (nM) RR IC50 (nM) RR 

Mouse ABCG2 MTX 0.23 ± 0.02 46 0.15 ± 0.01 30b 0.09 ± 0.02 18c 0.001± 0 0.2d 0.003 ± 0 0.6d 

Parent MTX 0.005 ± 0 

Mouse ABCB1 Paclitaxel 19 ± 1 826 19 ± 1 826 19 ± 1 826 19 ± 1 826 16 ± 0.3 696b 

Parent Paclitaxel 0.023 ± 0 
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Table 3. Effect of Ko143 on human- and mouse-mediated ABCG2 efflux 

            

Ko143 IC50 (nM) 

Cell Line MTX PPA Hoechst JC-1 P-18 

Human ABCG2 13d 74 100d 112 516c 
Mouse ABCG2 484 126 684 29 754 
Abbreviations: MTX, mitoxantrone; PPA, pheophorbide A; P-18, purpurin-18; Hoechst, Hoechst 
33342 
c P < 0.001, d P < 0.0001 (α < 0.05, between human and mouse lines) by student’s two-tailed t-
test.
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