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Abstract 

 

AR-67 is a lipophilic camptothecin analogue, currently under early stage clinical trials. 

Transporters are known to have an impact on the disposition of camptothecins and on the 

response to chemotherapeutics in general due to their expression in tumor tissues. Therefore, 

the interplay between the BCRP, MDR1 and OATP1B1/OATP1B3 transporters and AR-67 and 

their impact on the toxicity profile of AR-67 was investigated. Using cell lines expressing the 

aforementioned transporters, we showed that the lipophilic AR-67 lactone form is a substrate for 

efflux transporters BCRP and MDR1. Additionally, OATP1B1 and OATP1B3 facilitated the 

uptake of AR-67 carboxylate in SLCO1B1 and SLCO1B3-transfected cell systems compared to 

the mock-transfected ones. Notably, both BCRPand MDR1, conferred resistance to AR-67 

lactone. Prompted by recent studies showing increased OATP1B3 expression in certain cancer 

types, we investigated the effect of OATP1B3 expression on cell viability after exposure to AR-

67 carboxylate. OATP1B3 expressing cells had increased carboxylate uptake as compared to 

mock transfected cells, but were not sensitized because the intracellular amount of lactone was 

fifty-fold higher than that of carboxylate and comparable between OATP1B3 expressing and 

non-expressing cells. In conclusion, BCRP- and MDR1-mediated efflux of AR-67 lactone 

confers resistance to AR-67, but OATP1B3-mediated uptake of the AR-67 carboxylate does not 

sensitize OATP1B3 expressing tumor cells.  
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Introduction 

AR-67 (7-t-Butyldimethylsilyl-10-hydroxycamptothecin, DB-67) (Fig. 1) is a third generation 

camptothecin analogue that belongs to the class of 7-silylcamptothecins (Bom et al., 2000; 

Curran et al., 2000). Similar to other camptothecins, AR-67 undergoes pH dependent, but 

reversible, hydrolysis of the lipophilic lactone to the hydrophilic carboxylate (Bom et al., 2000). 

Although both lactone and carboxylate forms interact with DNA (Staker et al., 2002), they have 

different transport characteristics. The lactone passively diffuses into the cell and is considered 

the pharmacologically active form. In contrast, the negatively charged carboxylate requires 

transporter-mediated uptake, and it is often considered an inactive form. Preclinical studies 

have demonstrated the high lipophilicity and an apparent blood stability of the lactone form of 

AR-67 compared to FDA-approved camptothecins (Bom et al., 2001).  

A common link between drug disposition and drug efficacy are transporter proteins, which could 

play a pivotal role in both the disposition and efficacy or toxicity of camptothecin analogs. As 

AR-67 exists in equilibrium between the hydrophobic lactone and hydrophilic carboxylate forms, 

both influx and efflux transporters could potentially play roles in both metabolic clearance and 

tumor sensitivity. Intracellular drug concentration will be influenced by the balance between 

cellular efflux, potentially resulting in resistance, and cellular uptake, potentially resulting in 

sensitivity. Metabolic clearance, on the other hand, may result from vectorial transport, where 

both influx and efflux transporters contribute to clearance in the same direction. 

The effect of transporters on the pharmacokinetic and pharmacodynamic profile of the FDA 

approved camptothecins topotecan and irinotecan has been demonstrated in previous studies. 

Topotecan and the active irinotecan metabolite, SN-38, have been identified as BCRP 

substrates (Nakatomi et al., 2001; de Vries et al., 2007) while MDR1-mediated transport has 

been reported for topotecan and irinotecan (Luo et al., 2002; de Vries et al., 2007). Notably, 
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expression of BCRP in established cancer cell lines and tumor biopsy samples has been 

associated with resistance to camptothecins (Kawabata et al., 2001; Candeil et al., 2004). 

Among the uptake transporters, OATP1B1 has been implicated in the transport of irinotecan 

and SN-38, which has also been identified as an OATP1B3 substrate (Nozawa et al., 2005; 

Yamaguchi et al., 2008). However, little is known about the potential interactions between AR-

67 and transporters and the implications of these interactions on the antitumor activity of AR-67 

and its pharmacokinetic profile.   

In this study we explored the interaction of AR-67 with BCRP and MDR1 and with OATP1B3 

and OATP1B1. First we determined if expression of the efflux transporters BCRP and MDR1 

would have an impact on the cytotoxic profile of the lipophilic AR-67 lactone in vitro. 

Additionally, we examined the effect of OATP1B3 expression on the intracellular amounts of 

AR-67 lactone and carboxylate. Based on recent studies reporting increased expression of 

OATP1B3 in tumor tissues (Muto et al., 2007; Pressler et al., 2011), we tested whether 

increased intracellular AR-67 uptake, facilitated by OATP1B3, would potentiate the antitumor 

activity of AR-67 in vitro. To address these questions, we used established cancer cell lines that 

expressed functional forms of the BCRP, MDR1, OATP1B3 and OATP1B1 transporters.   
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Materials and Methods 

Cell Lines and Reagents. 

Madin-Darby canine kidney II (MDCKII) cells were obtained from the European Collection of 

Cell Cultures. Cells were mock transfected with pcDNA3.1 vector or with pcDNA3.1-ABCG2 

(Wang et al., 2012). OVCAR-8 and its derivative cell line expressing human MDR1 (NCI/ADR-

RES) were from NCI Developmental Therapeutics. HeLa (cervical adenocarcinoma) cells were 

stably transfected with OATP1B3 cDNA and RKO (colon carcinoma) cells were stably 

transfected with OATP1B1 cDNA, inserted in the multiple cloning site of the pIRESneo2 vector 

(Clontech, Mountain View, CA) (Monks et al., 2007; Daily et al., 2010). MDCKII cells were 

cultured in Minimum Essential Media (MEM) supplemented with 5 % fetal bovine serum (FBS) 

and Geneticin (G418, 800 μg/mL) while OVCAR-8 and NCI/ADR-RES cells were cultured in 

Dulbecco's Modified Eagle Medium (DMEM) supplemented with 10 % FBS. The HeLa and RKO 

cell lines were grown in DMEM supplemented with 10 % FBS and Geneticin (G418, 800 μg/mL). 

Additionally, non-essential amino acids (1 %) were added to the RKO growth media. Penicillin 

(100 U/mL) and streptomycin (100 μg/mL) were added in the media. All of the aforementioned 

materials were supplied by Gibco, Invitrogen Corporation (Carlsbad, CA). Transporter 

expression was validated by Western blot analysis and transporter function was verified with 

prototypical substrates (Supplemental Material). 

 

Preparation of Drug Stock and Working Solutions. 

AR-67 (DB-67; Novartis) was solubilized in dimethylsulfoxide (DMSO) at a concentration of 1 

mg/mL (AR-67 lactone stock solution) and stored at -80 °C. AR-67 carboxylate working 

solutions were prepared by dilution of one volume of lactone stock solution with 9 volumes of 

0.005 N NaOH and were allowed to convert to carboxylate overnight at 4 °C (AR-67 carboxylate 
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stock solution) (Horn et al., 2006). Working solutions were stored at -80 °C after their 

preparation and at 4 °C during the experimental procedure.  

 

Intracellular Amount of AR-67 in BCRP and MDR1 Expressing Cell Lines. 

To examine the effect of ABC efflux transporters BCRP and MDR1 on the intracellular amount 

of AR-67, cells were seeded in six-well plates. The next day, medium was replaced and the 

cells were incubated in serum-free medium (Opti-MEM) with 0.125, 0.25, 0.5, 0.75 and 1 µM 

AR-67 lactone for 5 min at 37°C. The incubation time was selected to ensure linearity in the 

transport process. At the end of the incubation, medium was aspirated and cells were washed 

twice with Opti-MEM (4 °C). Cells were lysed with 200 µL of 0.5 N NaOH and placed on a 

rocker (4 °C) for 10 min. Extraction and quantification of AR-67 was carried out as indicated in 

an HPLC-FL method under conditions that ensure system suitability (Horn et al., 2006). Protein 

was quantified using the BCA Protein Assay Kit (Pierce, Thermo Fisher Scientific). In inhibition 

studies, cells were pre-incubated with GF120918 (5 µM) (de Bruin et al., 1999; Evers et al., 

2000) for 1 h prior to incubation with 1 µM AR-67 lactone (for 5 min). 

 

Transepithelial Flux of AR-67. 

MDCKII-pcDNA and MDCKII-BCRP cells were grown on Corning Transwell® 3414 membrane 

inserts (3.0-μm pore size, 24-mm diameter; Corning Glassworks, Corning, NY). When TEER 

exceeded 200 ·cm2s in both cell lines, the medium was aspirated and replaced with 1.8 ml of 

serum-free Opti-MEM with or without GF120918 (5 µM) on both the apical and basolateral side. 

Cells were placed at 37°C in humidified 5 % CO2 incubator for 1 h. Following, 0.2 ml of 50 µM 

AR-67 lactone was added to the donor side to a final concentration of 5 µM and 0.2 ml of 

medium was added to the receiver side. Cells were then placed on a rocker and incubated at 37 
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°C and 5 % CO2. AR-67 amount was quantified in 50 µL samples using the HPLC method 

described previously. Apparent permeability and efflux were calculated as previously described 

(Kalvass and Pollack, 2007). 

 

Intracellular Uptake of AR-67 Carboxylate. 

The effect of the expression of OATP1B3 and OATP1B1 on the intracellular uptake of AR-67 

was studied using the HeLa-pIRES/OATP1B3 and RKO-pIRES/OATP1B1 cell lines using 

serum-free medium (Opti-MEM). To evaluate the dose-dependent OATP-mediated uptake of 

AR-67, OATP transfected cell lines were incubated with 0.5, 1, 1.5, 2 and 3 µM AR-67 

carboxylate for 1 min. The incubation time was selected to ensure linearity in the transport 

process as indicated by preliminary studies. The pH of carboxylate containing media was 7.2. In 

inhibition studies, Hela-pIRES/OATP1B3 and RKO-pIRES/OATP1B1 cells were incubated with 

1 µM AR-67 carboxylate for 5 and 10 min, respectively. The inhibition of transporter-mediated 

uptake was studied by pre-incubation with bromosulfophthalein (BSP) (50 µM) (Seithel et al., 

2007; Kalliokoski and Niemi, 2009) for 10 min and keeping the concentration of BSP constant 

during substrate incubation.  

At the end of the incubation period, cells were washed twice with Opti-MEM (4 °C) before being 

lysed and AR-67, calculated as the sum of the two forms, was extracted from the cell lysate and 

quantified as described above (Horn et al., 2006). 

When quantification of each of the AR-67 forms separately was required, cells were incubated 

with AR-67 carboxylate or lactone (1 μM) for 0.083, 0.5, 1, 3, 6, 12, 24 and 48 h at 37 °C and 

washed twice with Opti-MEM (4 °C) at the end of the incubation period. PBS was added; cells 

were scrapped off and lysed by sonication. AR-67 lactone and carboxylate were extracted and 

quantified using HPLC (Horn et al., 2006). 
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Drug Stability in Culture Media. 

AR-67 interconversion was studied in cell culture media at pH 7.4 (37 ºC) and humidified 

atmosphere of 5 % CO2. AR-67 carboxylate (1 μM) or lactone (1 μM) were added in the media 

at t=0 h. AR-67 carboxylate  and lactone  concentrations were quantified at 0, 0.5, 1, 2, 4 and 6 

h using HPLC (Horn et al., 2006)  

 

Cytotoxicity Assays. 

Cells were seeded in 96-well plates at initial densities that ensured their exponential growth for 

the duration of the experiment. To study the effect of AR-67 lactone and AR-67 carboxylate on 

cell viability, cells were seeded and allowed to adhere overnight. Twenty-four hours later, the 

cell culture medium was replaced with drug-containing medium. The final concentration of 

DMSO in cell culture media never exceeded 1 %. Cells expressing BCRP and MDR1 were 

exposed to AR-67 lactone for 72 h. The effect of BCRP and MDR1 on AR-67 lactone-induced 

cytotoxicity was studied in the presence of the dual BCRP/MDR1 inhibitor GF120918. MDCKII-

pcDNA/BCRP cells were pretreated for 30 min with GF120918 (1 μM) followed by co-treatment 

with GF120918 (1 μM) and AR-67 lactone. OVCAR-8 and NCI/ADR-RES cells were pretreated 

for 30 min with GF120918 (5 μM) followed by co-treatment with GF120918 (5 μM) and AR-67 

lactone. The cytotoxic effect of AR-67 carboxylate on the OATP expressing cell lines after 

various exposure times was also evaluated. In these cases, cells were treated with AR-67 

carboxylate for 5 and 30 min, 1 and 3 h. At the end of the incubation period, the drug-containing 

media was removed and the cells were washed once with ice cold PBS. Following, drug-free 

media was added in the wells and cells were allowed to grow for 48 h at which point their 

viability was assessed.  
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Cell viability was assessed with the CellTiter 96® AQeous Non-Radioactive Cell Proliferation 

Assay kit (Promega, Fisher Scientific) following the manufacturer’s instructions. The viability of 

the HeLa- and RKO-OATP transfected cell lines was evaluated by using a resazurin assay 

(RSZ, Alamar Blue). 

 

Data Analysis and Statistics. 

GraphPad Prism (version 5.02 for Windows, GraphPad Software Inc., San Diego, USA) was 

employed for the graphical representation of the results, data analyses and statistical 

comparisons.  

To calculate the kinetic parameters for the OATP1B3 and OATP1B1 transporters, AR-67 

intracellular uptake was determined as described above. Transporter mediated uptake was 

corrected by subtracting intracellular amount in mock transfected cells and error propagation 

was applied. Data were modeled using the Michaelis-Menten equation which provided us with a 

satisfactory fitting: 

V = Vmax × C/(Km + C)    

where V (ng of total AR-67/μg protein/min) was the rate of transport of AR-67 lactone or 

carboxylate, C (µM) is the concentration of AR-67 carboxylate added in the well and Km (µM) 

was the concentration of AR-67 lactone or carboxylate at which the transporter activity was 

equal to its maximum value (Vmax).  

Dose-response data were also fitted using non-linear regression analysis. The viability of the 

treated cells was normalized with the viability of untreated (control) cells. IC50 values were 

estimated as the dose of the cytotoxic drug that induces response equal to half of the maximum 

response observed.  
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Results 

AR-67 Lactone Is a Substrate of BCRP and MDR1. 

BCRP and MDR1-expressing cell lines with confirmed expression and function (Supplemental 

Figures 1 and 2, respectively) were used to assess the interaction of AR-67 lactone with these 

efflux transporters. Initial studies assessed time-dependent intracellular AR-67 amount (data not 

shown), which demonstrated a time-dependent increase in intracellular amounts within the first 

10 minutes. The intracellular amount of total AR-67 was then measured following 5 min 

incubation with a range of AR-67 lactone concentrations. Intracellular AR-67 amounts in 

MDCKII-BCRP (Fig. 2A) and NCI/ADR-RES cell lines (Fig. 2B) were lower than those in 

MDCKII-pcDNA and OVCAR-8 cells, respectively. The transporter effect was reversed when 

cells were pretreated with GF120918 (Fig. 2C and D), which is known to inhibit the drug efflux 

mediated by the ABCG2 and ABCB1 gene products (de Bruin et al., 1999; Evers et al., 2000). 

BCRP-mediated efflux of AR-67 lactone, in the presence and absence of GF120918, was also 

evaluated using polarized MDCKII transfected cells grown on Transwell® inserts. GF120918 

had no effect on drug transfer from the apical to the basolateral side in MDCKII-pcDNA cells 

(Fig. 3A), but increased the transfer in MDCKII-BCRP cells (Fig. 3B). This is consistent with the 

apical expression of BCRP in polarized MDCKII cells (Grube et al., 2007; Wang et al., 2012). 

GF120918 also attenuated AR-67 transfer from the basolateral to the apical side in MDCKII-

pcDNA (Fig. 3C). However, the effect on MDCKII-BCRP cells was more significant (Fig. 3D). 

This is consistent with the determination of the apparent permeability and efflux ratio values 

estimated (Supplemental Table 1) for transport across BCRP expressing cell monolayers.  

Collectively, these data suggest that AR-67 lactone is a substrate for MDR1 and BCRP.  

Our attempt to perform similar studies with AR-67 carboxylate yielded insignificant intracellular 

AR-67 amounts in monolayers and drug transfer across polarized cells (data not shown).  
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AR-67 Carboxylate is Transported by OATP1B1 and OATP1B3. 

Previous in vivo pharmacokinetic studies demonstrated that AR-67 carboxylate has a relatively 

higher clearance than the lactone form (Adane et al., 2010). Given the anionic nature of the 

carboxylate we reasoned that rapid clearance may be through its increased uptake in the liver 

by organic anion transporters. Here, we assessed the uptake of AR-67 carboxylate in cells 

transfected with either SLCO1B1 or SLCO1B3. The expression of the OATP1B1 and OATP1B3 

transporters was confirmed using RT-PCR analysis and immunohistochemistry while their 

function was evaluated using prototype substrates (Supplemental Figure 3). Initial time-

dependent studies showed rapid uptake of AR-67 carboxylate in both transporter expressing 

cell lines, but not in the mock transfected cells (data not shown). Subsequently, concentration-

dependent uptake studies were conducted after incubation with AR-67 carboxylate for 1 min. 

The intracellular amount of total AR-67 was significantly higher in the OATP1B3 (HeLa-

OATP1B3) and OATP1B1 (RKO-OATP1B1) expressing cells than that in the mock-transfected 

ones (Fig. 4). The concentration-dependent uptake of AR-67 carboxylate by OATP1B3 (Fig. 4A) 

is consistent with saturable kinetics. The transporter mediated uptake was diminished by the 

addition of BSP (Fig. 4C, D) (Seithel et al., 2007; Kalliokoski and Niemi, 2009). Kinetic analysis 

also demonstrated higher affinity of AR-67 carboxylate for OATP1B3, than OATP1B1, with 

estimated Km values of 0.32 μM and 2.58 μM, respectively. Additionally, incubation with the AR-

67 lactone form did not result in significant uptake differences between OATP1B3 or OATP1B1 

and mock transfected cells (data not shown). 

 

BCRP and MDR-1 Confer Resistance to AR-67 Lactone. 
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To evaluate the significance of the interaction between AR-67 lactone and the efflux 

transporters BCRP and MDR1, we assessed their potential for conferring drug resistance in the 

context of in vitro cytotoxicity studies. We found that BCRP confers a 10-fold resistance as 

measured by the differences in the estimated IC50 values between MDCKII-pcDNA and MDCKII-

BCRP cells (Fig. 5A). The BCRP effect was negated in the presence of the transporter inhibitor 

GF120918 (Fig. 5B). Similarly, AR-67 lactone was significantly more cytotoxic to the OVCAR-8 

than the NCI/ADR-RES cells as demonstrated by a 100-fold lower IC50 values (Fig. 5C). The 

transporter effect on the cytotoxic profile of AR-67 lactone was eliminated in the presence of 

GF120918 (Fig. 5D). To determine if sensitivity differences between transporter expressing and 

non-expressing cells were due to variability in the expression of the Top1 enzyme, we assessed 

its expression in the MDCKII-pcDNA/BCRP and OVCAR-8/NCI/ADR-RES cell lines 

(Supplemental Figure 4). Our results indicated comparable Top1 protein expression between 

the control and transporter-expressing cell lines. 

 

OATP1B3 Expression Does Not Sensitize Cells to AR-67 Carboxylate. 

Our study showed that OATP1B3 and OATP1B1, which are highly expressed in the liver (Abe et 

al., 1999; Konig et al., 2000b; Konig et al., 2000a; Abe et al., 2001), have the potential of 

transporting AR-67 carboxylate (Fig. 4). However, several recent studies have reported that 

OATP1B3 is also expressed in tumor tissues (Monks et al., 2007; Muto et al., 2007; Lee et al., 

2008; Lockhart et al., 2008; Pressler et al., 2011). To determine whether active uptake of the 

carboxylate could sensitize OATP1B3 expressing cells, we conducted cytotoxicity studies (Fig. 

6). The equivalent Top1 expression in HeLa-pIRES and HeLa-OATP1B3 was verified by 

Western blot (Supplemental Figure 4). Initially the cytotoxicity of AR-67 carboxylate was 

assessed after 48 h of continuous drug exposure (Fig. 6D), but due to the reformation of the 
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lactone upon incubation (Fig. 7A) we also determined the cytotoxicity after 0.5, 1, and 3 h (Fig. 

6A-C) of drug treatment, which allows for relatively greater carboxylate exposure. As expected 

by the action of camptothecins during S-phase, longer incubation resulted in lower IC50 values 

(Fig. 6E). However, OATP1B3 expressing cells were not more sensitive than mock transfected 

cells.  

 

Time-Dependent Intracellular AR-67 Uptake after Exposure to Lactone and Carboxylate. 

To gain a better understanding of the apparent lack of sensitivity of OATP1B3 cells to AR-67 

carboxylate (Fig. 6), we determined the intracellular exposure to each AR-67 form. The 

intracellular uptake of AR-67 was assessed over 48 h after exposing cells to carboxylate (1 μM, 

Fig. 8A) or lactone (1 μM, Fig. 8B). The lactone form was found to dominate the intracellular 

compartment regardless of which form was added in the cell culture media (Fig. 8). As 

expected, the intracellular AR-67 carboxylate amount was higher in the HeLa-OATP1B3 cells 

than in the HeLa-pIRES cells at all times and irrespective of the extracellular AR-67 form. 

However, the intracellular lactone amount was not different between the two cell lines, but it was 

significantly higher than the respective carboxylate one. The ratio of lactone to carboxylate 

increased from about 1, at 5 min, to 34 in the HeLa-pIRES and to 24 in the HeLa-OATP1B3 cell 

line after 48 h of incubation with AR-67 carboxylate (Fig. 8A). As expected, when AR-67 lactone 

was added in the cell culture media, it diffused rapidly into both cell lines and was about 100 

times higher than the intracellular carboxylate at the 5-min time point (Fig. 8B). Although the 

amount of the intracellular carboxylate increased by almost 5 fold during the 48 h incubation, 

lactone dominated and lactone amounts were significantly higher than the carboxylate 

respective ones (Fig. 8B). Importantly, at steady state the intracellular lactone and carboxylate 

reached the same ratio regardless of which form was added in the cell culture media (Fig. 8). 
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Although carboxylate is the form that prevails in cell culture medium, after carboxylate (Fig. 7A) 

or lactone addition (Fig. 7B), this study demonstrates that the cells are exposed to significantly 

higher lactone amounts.  

Notably, after 5 min of incubation with AR-67 carboxylate, intracellular AR-67 carboxylate 

accounted for 42 % and 55 % of the total drug in HeLa-pIRES and HeLa1B3 cells, respectively. 

This is the only time point with high intracellular AR-67 carboxylate amounts in the OATP1B3 

cells compared to the respective lactone ones (Fig. 8A). To determine if this difference would be 

adequate to sensitize the OATP1B3 cells to carboxylate, we studied the cytotoxic effect of AR-

67 carboxylate in Hela-pIRES and HeLa-OATP1B3 after drug exposure for 5 min, which was 

followed by 48 h growth. Although the IC50 values of carboxylate and lactone were lower in 

HeLa-OATP1B3 cells, as compared to HeLa-pIRES transfected cells, the differences were not 

statistically significant. As shown in Fig. 9A, the relatively increased exposure of OATP1B3 

expressing cells to AR-67 carboxylate over the 5 min drug exposure did not result in significant 

sensitization. To verify this result we then assessed the effect of drug exposure on DNA 

damage by the induction of γ-H2AX (Furuta et al., 2003; Huang et al., 2004). In accordance with 

the lack of a transporter effect on cell viability (Fig. 9A), the degree of γ-H2AX activation after 

treatment with AR-67 carboxylate (Supplemental Figure 5) did not differ between the HeLa-

pIRES and the HeLa-OATP1B3 transfected cells. For comparison, the cytotoxic effect of lactone 

was also studied under the same experimental conditions with similar results in both cell lines 

(Fig. 9B). Overall, HeLa-pIRES and HeLa-OATP1B3 were more sensitive to the lactone rather 

than the carboxylate when the IC50 values were used to evaluate the cytotoxic effect of AR-67 

(Fig. 9).  
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Discussion 

In this study, we demonstrated that BCRP and MDR1 transport AR-67 lactone. The MDCKII-

BCRP cell line was found to be more resistant to AR-67 lactone treatment than the mock-

transfected cells and MDR1 expression conferred resistance to the same anticancer agent 

using OVCAR-8 and NCI/ADR-RES cells. Additionally, we studied the interaction between AR-

67 carboxylate with the uptake transporters OATP1B3 and OATP1B1 and showed that these 

transporters mediate its transport. However, the OATP1B3-expressing cell line did not show 

increased sensitivity to AR-67 carboxylate in in vitro systems. In an effort to study the factors 

that play a role on the antitumor activity of AR-67 in vitro, we quantified both AR-67 forms 

intracellularly after treatment with either AR-67 lactone or carboxylate. Interestingly, our 

intracellular uptake data indicated that the AR-67 lactone was favored intracellularly and 

overcame the OATP1B3-mediated increased intracellular uptake of AR-67 carboxylate by fifty-

fold. This may explain why the uptake of AR-67 carboxylate does not sensitize OATP1B3 

expressing cells.  

Based on the physicochemical properties of the AR-67 lactone and carboxylate, we expected 

that both efflux and uptake transporters would interact with AR-67. Studies have shown that 

MDR1, and possibly BCRP, transport substrates that have the potential for partitioning into the 

lipid bilayer and are mostly lipid-soluble moieties with planar aromatic rings (Sharom, 2008), like 

AR-67 lactone. Conversely, OATP1B1 and OATP1B3 proteins selectively transport anions 

(Kalliokoski and Niemi, 2009), such as AR-67 carboxylate. Therefore, in our studies we adjusted 

the pH to ensure the exposure of cells to AR-67 lactone or carboxylate, as needed. 

Furthermore, the exposure and incubation times for transport and cell viability assays were 

considered in the context of lactone/carboxylate conversion kinetics.      
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Our studies showed that AR-67 lactone is a substrate of BCRP and MDR1 (Fig. 2 & 3). This is 

in accord with previous publications showing similar results with topotecan (de Vries et al., 

2007; Sharom, 2008). Other camptothecin analogs have also been shown to be substrates of 

BCRP, which was reported to transport irinotecan, SN-38 and SN-38 glucuronide (Maliepaard et 

al., 1999; Nakatomi et al., 2001; Luo et al., 2002). Our studies also showed that AR-67 

carboxylate is transported by OATP1B1 and OATP1B3 (Fig. 4). Previous studies have shown 

that irinotecan and its metabolite SN-38 are substrates of OATP1B1 (Nozawa et al., 2005). 

However, Yamaguchi et al showed that SN-38, but not irinotecan, can be taken up by OATP1B3 

(Yamaguchi et al., 2008). Finally, in vitro studies have shown that among the lipophilic 

camptothecins, gimatecan and karenitecin, but not lurtotecan, are substrates of OATP1B1 

(Oostendorp et al., 2009). However, the authors did not indicate which form was transported.  

After identifying AR-67 lactone as a BCRP substrate, we used the MDCKII-pcDNA/BCRP cell 

lines to demonstrate that BCRP expression confers resistance to treatment with the lactone 

form (Fig. 5A). Our findings agree with findings from other studies on camptothecins. BCRP 

expressing lung cancer cell lines appeared to be more resistant to SN-38, than the parent cell 

line (Kawabata et al., 2001). Moreover, studies in metastatic hepatic tumor tissue indicated that 

BCRP might be implicated in the development of resistance specifically to irinotecan-based 

chemotherapy in vivo (Candeil et al., 2004). Despite the significant expression of BCRP in 

certain cancer types and especially in a small subpopulation of primitive stem cells (Katayama 

et al., 2009), definitive clinical relevance of BCRP expression in tumor tissues has yet to be 

proven. Additionally, as a result of the MDR1-mediated efflux of AR-67 in NCI/ADR-RES cells 

(Fig. 2B and D), as compared to OVCAR-8 cells, a resistance phenotype was observed (Fig. 

5C). Previous studies have been suggestive of the prognostic role of MDR1 in leukemia patients 

treated with anthracyclines (Guerci et al., 1995; Smeets et al., 1997), established substrates of 
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MDR1. However, further studies are warrant to evaluate the impact of an MDR1-AR-67 

interaction on clinical response in cancer patients. 

Both in vitro and clinical studies have indicated that OATP1B3 facilitates the cytotoxic effect of 

paclitaxel (Smith et al., 2007; Svoboda et al., 2011). Here, we tested if OATP1B3 would 

sensitize cells after exposure to the anionic AR-67 carboxylate. Our studies showed that the 

observed cytotoxic effect was not different between HeLa-pIRES and HeLa-OATP1B3 cells 

irrespective of the exposure time to the carboxylate (Fig. 6). However, the cytotoxic effect of AR-

67 carboxylate increased in a time-dependent manner consistent with its mechanism of action 

targeting cells primarily in their S-phase. In addition, comparable activation of the DNA damage 

marker γ-H2AX (Supplemental Figure 5) in HeLa-pIRES and HeLa-OATP1B3 cells after 5 min 

exposure to AR-67 carboxylate was consistent with the absence of OATP1B3 effect on cell 

viability (Fig. 9A). The quantification of the intracellular levels of both AR-67 forms suggest that 

the lipophilic lactone diffused freely in the cell while the transfer of the carboxylate form into the 

cytoplasm was a slow and transporter-mediated process, limited by saturable kinetics (Fig 8). 

Ultimately, the intracellular lactone/carboxylate steady state amounts, independent of the 

extracellular lactone/carboxylate kinetics (Fig. 7), suggested that the AR-67 carboxylate-induced 

cytotoxic effect was restricted due to its physicochemical properties. Notably, the same 

intracellular lactone-carboxylate amount ratio was observed when cells were exposed to either 

lactone or carboxylate suggesting that the interconversion between the two forms depended 

strictly on intracellular factors (Fig. 8). Rapid conversion of carboxylate to the lactone form in the 

cytoplasm due to protein-binding cannot be excluded. Moreover, although the intracellular pH 

would favor carboxylate formation, the AR-67 intracellular distribution pattern could be similar to 

the one observed for third generation lipophilic camptothecin gimatecan, which partitions into 

lysosomes where the lactone form is favored due to low pH conditions (Croce et al., 2004).  
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The microenvironment of solid tumors is characterized by hypoxia and low pH as a result of 

disorganized vasculature and underdeveloped lymphatic system (Gillies et al., 2002; Cardone et 

al., 2005). Previous studies have shown increased transport activity of BCRP and MDR1 at 

acidic conditions (Thews et al., 2006; Breedveld et al., 2007) and pH-sensitive transport activity 

of OATP1B3 (Leuthold et al., 2009). Therefore, further studies on the AR-67 cytotoxic effect 

under low pH conditions are necessary.   

The first-in-human study showed that approximately 87 % of total AR-67 quantified in the blood 

was in the lactone form (Arnold et al., 2010). However, pharmacokinetic modeling of preclinical 

data demonstrated that the apparent stability was due to increased carboxylate clearance 

(Adane et al., 2010). Our findings suggest that OATP1B1 and OATP1B3 hepatic expression is 

the likely mechanism for this clearance and thus it may play a key role in the disposition of AR-

67. These studies, therefore, demonstrate how transporters can play a key role in drug 

disposition without having a significant role in cellular uptake and tumor responsiveness, which 

is a static system. 

Multiple studies have underlined the importance of efflux and uptake transporters in the 

disposition of anticancer agents. Furthermore, genetic polymorphisms in ABCG2 and ABCB1 

that were identified in patients receiving irinotecan and diflomotecan, respectively, resulted in 

altered pharmacokinetics and pharmacodynamics (Sai et al., 2003; de Jong et al., 2004; 

Sparreboom et al., 2004; Zhou et al., 2005). Additionally, SLCO1B1 polymorphisms possibly 

related with the toxicity profile of irinotecan and other cytotoxic agents have been reported 

(Xiang et al., 2006; Han et al., 2008; Innocenti et al., 2009). Similarly, the clinical impact of in 

vitro identified OATP1B3 polymorphisms need to be explored further in well-designed large-

scale human trials (Letschert et al., 2004; Smith et al., 2007). In line with these studies and our 

results, future studies should explore further the potential role of BCRP, MDR1, OATP1B1 and 

OATP1B3 polymorphisms on the transport of AR-67. 

This article has not been copyedited and formatted. The final version may differ from this version.
DMD Fast Forward. Published on April 25, 2013 as DOI: 10.1124/dmd.112.050021

 at A
SPE

T
 Journals on M

ay 22, 2023
dm

d.aspetjournals.org
D

ow
nloaded from

 

http://dmd.aspetjournals.org/


DMD #50021 

 

21 

 

In conclusion, our study demonstrated that AR-67 lactone is a substrate of the ATP-binding 

cassette transporters MDR1 and BCRP. Additionally, both BCRP- and MDR1-mediated efflux of 

AR-67 lactone conferred resistance using in vitro models. The clinical significance of these 

findings need to be explored further. Although our in vitro work suggests that OATP1B3 

expression might not increase the efficacy of AR-67 given to cancer patients expressing the 

transporter in the tumor tissue, we demonstrated that AR-67 carboxylate can be transported by 

the OATP1B1 and OATP1B3 transporters. Taking into consideration the liver-specific 

expression of these uptake transporters (Abe et al., 1999; Konig et al., 2000a) and the impact of 

carboxylate clearance on exposure to AR-67 (Adane et al., 2010), we reason that they may be 

playing a key role in the elimination of AR-67.  
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Figures: 

Fig. 1.  

pH-dependent interconversion between the lactone and carboxylate form of the camptothecin 

analogue AR-67.  

 

Fig. 2 

Effect of BCRP and MDR1 expression on the intracellular AR-67 amounts in MDCKII-

pcDNA/BCRP and OVCAR-8/NCI/ADR-RES cells. (A) MDCKII-pcDNA/BCRP and (B) OVCAR-

8/NCI/ADR-RES cells were incubated with 0.125, 0.25, 0.5, 0.75 and 1 μM of AR-67 lactone for 

5 min and the AR-67 intracellular amount was evaluated. The effect of the dual BCRP/MDR1 

inhibitor GF120918 was tested by treating (C) MDCKII-pcDNA/BCRP and  (D) OVCAR-

8/NCI/ADR-RES cells without (open bars) and with (solid bars) GF120918 (5 µM for 1 h) prior to 

incubating with 1 µM AR-67 lactone for 5 min. At the end of the incubation periods, the cells 

were lysed and the intracellular AR-67 was quantified using HPLC as mentioned in the Materials 

and Methods section. Data are represented as mean (n=3) ± SD. Statistical analysis was 

performed using unpaired t-test, statistical significance for ** p<0.01 and *** p<0.001.  

 

Fig. 3.  

Effect of BCRP on the vectorial transport of AR-67 in MDCKII-pcDNA/BCRP cells. 

Transepithelial transport of 5 µM AR-67 lactone in MDCKII-pcDNA and MDCKII-BCRP cells 

apical to basolateral (A, B) and basolateral to apical (C, D) in the presence (open squares) and 

absence (open inverted triangles) of the inhibitor GF120918 (5 µM). AR-67 was quantified using 

HPLC as determined in the Materials and Methods section. Data are represented as mean 

(n=3) ± SD.  
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Fig. 4.  

Effect of OATP1B3 and OATP1B1 expression on the intracellular AR-67 amounts in HeLa-

pIRES/OATP1B3 and RKO-pIRES/OATP1B1 cells. (A) HeLa-pIRES/OATP1B3 and (B) RKO-

pIRES/OATP1B1 cells were incubated with 0.5, 1, 1.5, 2 and 3 µM of AR67 carboxylate for 1 

min to study the dose-dependent uptake of the carboxylate form. The estimated Km values for 

OATP1B3 and OATP1B1 were 0.32 (0.0-0.8316) μM and 2.58 (0.0-6.253) μM, respectively. 

They were obtained by using the Michaelis-Menten equation to fit the transporter mediated 

uptake of AR-67 as described in the Materials and Methods section and are reported as mean 

(95 % confidence interval). (C) HeLa-pIRES/OATP1B3 and (D) RKO-pIRES/OATP1B1 cells 

were incubated with 1 μM of AR-67 carboxylate for 5 and 10 min, respectively (open bars). The 

inhibitory effect of BSP (50 μM) was studied by pretreating for 10 min prior to exposure to AR-67 

carboxylate as described previously for all cell lines (solid bars). Intracellular AR-67 was 

quantified using HPLC as determined in the Materials and Methods section. Data are 

represented as mean (n=3) ± SD. Statistical analysis was performed using unpaired t-test, 

statistical significance for ** p<0.01 and *** p<0.001. 

 

Fig. 5.  

BCRP and MDR1 decrease the cytotoxicity of AR-67 lactone. (A) Following 72 h drug 

incubation, IC50 values were estimated in MDCKII-pcDNA (0.21 μM, [0.11-0.40]) and MDCKII-

BCRP (2.37 μM, [1.41-4.00], ** p<0.01, unpaired Student t-test). (B) After pretreatment (30 min) 

and in the presence of GF120918 and AR-67 lactone (72 h), IC50 values were obtained in 

MDCKII-pcDNA (0.88 μM, [0.72-1.09]) and MDCKII-BCRP (1.02 μM, [0.79-1.32]. (C) Similarly, 

IC50 values were estimated in OVCAR-8 (0.027 μM, [0.018-0.043]) and NCI/ADR-RES (1.16 μM, 
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[0.79-1.70], *** p<0.0001, unpaired Student t-test). (D) After pretreatment (30 min) and in the 

presence of GF120918 and AR-67 lactone (72 h), IC50 values were obtained in OVCAR-8 

(0.053 μM, [0.044-0.064]) and NCI/ADR-RES cells (0.095 μM, [0.044-0.21]. The AR-67 lactone 

doses ranged from 10
-7 

to 21 µM. IC50 parameters and best fit lines were estimated by nonlinear 

regression analysis. Data are plotted as mean ± SD (n=3) and IC50 values (μM) are reported as 

(mean, [95 % confidence interval]). 

 

Fig. 6.  

Time-dependent cytotoxic effect of AR-67 carboxylate on HeLa-pIRES and HeLa-OATP1B3 cell 

lines. (A-D) HeLa-pIRES and HeLa-OATP1B3 cell lines were exposed to AR-67 carboxylate for 

30 min (A), 1 (B), 3 (C) and 48 (D) h, as described in the Materials and Methods section. The 

AR-67 carboxylate doses ranged from 10
-3 

to 210 µM. (E) Summary of the cytotoxicity of AR-67 

carboxylate on HeLa-pIRES and HeLa-OATP1B3 cells studied under the experimental 

conditions described in panels A to D. IC50 values to reflect the effect of AR-67 on cell viability 

were used. Cell viability was assessed at the end of the treatment as described in the Materials 

and Methods section. Nonlinear regression analysis was performed to model the data (solid 

line). Data points on the graphs are reported as mean (n=3) ± SD and IC50 values (μM) are 

reported as mean, (95 % confidence interval). 

 

Fig. 7.  

Stability of AR-67 in cell culture media. The time course of AR-67 interconversion was studied in 

cell culture media (pH 7.4, 37 ºC, 5 % CO2 ) after the addition of 1 μM of AR-67 carboxylate (A) 

or 1 μM of AR-67 lactone (B). Data are represented as the % ratio concentration of carboxylate 

or lactone over total drug. 
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Fig. 8.  

Time course of AR-67 carboxylate and lactone intracellular amount in HeLa-pIRES and HeLa-

OATP1B3 cells after incubation with AR-67 carboxylate or lactone. HeLa-pIRES and HeLa-

OATP1B3 cells were incubated with 1 μM of the AR-67 forms, carboxylate (A) and lactone (B). 

AR-67 forms intracellularly were quantified by HPLC as described in the Materials and Methods 

section. Data are represented as mean (n=3) ± SD. 

 

Fig. 9.  

Effect of AR-67 carboxylate and lactone on HeLa-pIRES and HeLa-OATP1B3 cell lines. (A) 

HeLa-pIRES and HeLa-OATP1B3 cells were treated with AR-67 carboxylate for 5 min, cells 

were washed, drug-free media was added in the wells and cells were allowed to grow for 48 h 

before assessing cell viability. The estimated IC50 values were 40.32 μM (16.36-99.33) and 

13.08 μM (8.29-20.62) for HeLa-pIRES and HeLa-OATP1B3 cells, respectively. (B) HeLa-

pIRES and HeLa-OATP1B3 cells were treated with AR-67 lactone for 5 min, cells were washed 

and drug-free media was added in the wells. The estimated IC50 values were 1.08 μM (0.20-

5.70) and 0.23 μM (0.028-1.93) for HeLa-pIRES and HeLa-OATP1B3 cells, respectively. Data 

analysis to obtain IC50 values was performed using nonlinear regression (solid line). Data are 

presented as mean (n=3) ± SD and IC50 values (μM) are reported as mean (95 % confidence 

interval). 
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