
A Dual PI3 Kinase/mTOR Inhibitor BEZ235 reverses doxorubicin 
resistance in ABCB1 overexpressing ovarian and pancreatic 
cancer cell lines

David E Durrant,

Anindita Das,

Samya Dyer,

Rakesh C Kukreja

VCU Pauley Heart Center, Division of Cardiology, Virginia Commonwealth University Richmond, 
VA 23298, United States

Abstract

Background: Multi-drug resistance (MDR) develops because cancer cells evade toxicity 

of several structurally unrelated drugs. Besides other mechanisms, MDR is linked to the 

overexpression of ATP Binding Cassette (ABC), transporters, among which ABCB1 is the best 

characterized one. Since overactivation of PI3K/Akt/mTOR plays a pivotal role in the growth 

of human cancers, we hypothesized whether dual PI3K and mTOR inhibitor, BEZ235 (BEZ, 

dactolisib) reverses resistance to doxorubicin (DOX).

Methods: Ovarian (A2780) and pancreatic (MiaPaca2) cancer cells were used to generate 

DOX-resistant clones by overexpressing ABCB1 or stepwise treatment of DOX. Intracellular 

accumulation of DOX was measured by flow cytometry after treatment with BEZ.

Results: BEZ treatment caused increase in intracellular levels of DOX which was almost 

identical to the naïve parental cell lines. BEZ was found to be weak substrate for ABCB1 as 

demonstrated by minimal increase in ATPase activity. BEZ treatment caused dose-dependent 

decrease in cell viability in combination with DOX which was associated with increase in cleaved 

PARP expression in the drug resistant clones.
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Conclusions: These results suggest that BEZ is a non-substrate inhibitor of ABCB1 and is able 

to effectively re-sensitize cells overexpressing ABCB1 to the effects of DOX.

General Significance: Dual PI3 Kinase/mTOR inhibitor, BEZ has the potential to reverse 

MDR in cancer patients.

Introduction

Cancer results from acquired mutations in normal cells that confer a growth or survival 

advantage over the surrounding cells (Hanahan and Weinberg, 2000, Hanahan and Weinberg, 

2011). Commonly, cancer is treated with cytotoxic agents like the anthracycline antibiotic 

doxorubicin (DOX), which inhibits type II topoisomerase by preventing re-ligation of 

the cleaved DNA intermediate resulting in single and double stranded breaks in DNA 

(Froelich-Ammon and Osheroff, 1995). Even though DOX and other cytotoxic agents 

have been utilized in treating cancer, their effectiveness has been limited because many 

cells evade the toxicity of several structurally unrelated drugs, a phenomenon termed as 

multidrug resistance (MDR) (Gottesman et al., 2002, Fletcher et al., 2010). MDR occurs 

due to increased drug metabolism and decreased drug accessibility, but the vast majority 

of MDR in cancer is related to the overexpression of a family of proteins known as the 

ATP Binding Cassette (ABC) transporters (Gottesman et al., 2002, Szakács et al., 2006). 

These transporters use energy from ATP hydrolysis for the transport of a wide variety of 

substrates ranging from cholesterol and lipids, to anti-cancer agents (Fletcher et al., 2010). 

The most commonly overexpressed transporters associated with cancer drug resistance are 

ABCB1 (MDR1, p-gp), ABCC1 (MRP1), and ABCG2 (BCRP1) (Wesołowska, 2011). 

Both ABCB1 and ABCC1 are full transporters having 12 transmembrane domains and 

two nucleotide binding domains (Wesołowska, 2011, Mo and Zhang, 2012). ABCG2 is 

a half transporter with six transmembrane domains and one nucleotide binding site. It 

forms homo or heterodimers to become functionally active (Mo and Zhang, 2012). The 

increased expression of ABC transporters results in improved drug efflux efficiency leading 

to sub-lethal intracellular levels while their inhibition causes reversal of the MDR phenotype 

and re-sensitization of cancer cells to drug treatment.

Since the early 1980’s, inhibitors targeting ABC transporters have been investigated for 

their ability to reverse MDR (Gottesman et al., 2002). Several drugs designed to specifically 

inhibit various enzymes within signal transduction pathways result in the inhibition of 

ABC-type transporters leading to a reversal of MDR phenotypes. It has been reported 

that overexpression of ABCB1 is found in 40–50% of examined cancer patients with 

poor clinical outcome (Ding et al., 2011, Lee et al., 2012). Sildenafil, which is a potent 

inhibitor of phosphodiesterase, also inhibited the efflux activity of both ABCB1 and ABCG2 

leading to increased drug accumulation (Shi et al., 2011). We previously demonstrated that 

sildenafil potentiated the anti-cancer effects of DOX against prostate cancer when treated in 

combination (Das et al., 2010). Several of the receptor tyrosine kinase inhibitors, including 

nilotinib, erlotinib, and sunitinib, have been shown to reverse MDR in cells associated with 

overexpression of ABC transporters (Shi et al., 2007, Tiwari et al., 2009, Tiwari et al., 2013, 

Shukla et al., 2009, Villar et al., 2012).
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Overactivation of PI3K/Akt/mTOR plays a pivotal role in many human cancers. Rapamycin, 

a specific inhibitor of the mammalian target of rapamycin (mTOR), has been shown 

to modulate the intracellular accumulation of cytotoxic drugs through the inhibition of 

ABCB1 (Arceci et al., 1992, Pawarode et al., 2007). NVP-BEZ235 (BEZ) is an imidazo[4,5-

c]quinoline derivative that inhibits PI3K and mTOR kinase activity by binding to the 

ATP-binding cleft of these enzymes. BEZ235 has shown beneficial effects on a variety 

of tumors in vivo and in vitro (Maira et al., 2008, McMillin et al., 2009, Serra et al., 

2008, Baumann et al., 2009), including lymphoid malignancies (Shull et al., 2015, Wong 

et al., 2014). Moreover, BEZ235 reversed chemoresistance and overcame radioresistance 

(Park et al., 2015, Chang et al., 2014). We recently demonstrated that BEZ potentiates the 

antitumor effects of DOX against pancreatic cancer (Durrant et al., 2015). Cotreatment of 

BEZ235 with DOX resulted in dose-dependent inhibition of the phosphoinositide 3-kinase/

mechanistic target of rapamycin survival pathway, which also corresponded with increase in 

apoptosis.

In the present study, we postulated that BEZ may be able to re-sensitize cells overexpressing 

ABCB1 to the chemotherapeutic drug, DOX. We show the secondary effect of BEZ in 

enhancing the accumulation of DOX within cells when treated in combination with DOX. In 

addition, BEZ enhanced the accumulation of DOX in drug resistant ovarian and pancreatic 

cancer cells overexpressing ABCB1.

Materials and Methods

Cell lines.

MiaPaCa2 pancreatic cancer cells were obtained from American Type Culture Collection 

(ATCC) and grown in DMEM medium supplemented with 10% FBS, 100 units/ml 

penicillin, and 100 μg/ml streptomycin. Mia-dx drug resistant cells were generated through 

step-wise treatment of MiaPaCa2 cells with increasing concentrations of DOX. In brief, 

starting at 0.2 μM, the cells were incubated with DOX for periods of 2 hours once every 

two to three weeks (depending on recovery time). DOX concentrations were increased by 

0.1 μM at every treatment, up to a final concentration of 1 μM. After this point, cells were 

grown in DMEM medium supplemented with 10%FBS, 100 units/ml penicillin, 100 μg/ml 

streptomycin, and 0.05 μM DOX. Mia-B1 cells were derived by transfecting MiaPaCa2 cells 

with the pHAMDRwt plasmid (Addgene #10957) containing the full length ABCB1 gene. 

After transfection, cells overexpressing ABCB1 were selected by culturing in 0.5 μM DOX 

until colonies were formed and all non-transfected control cells were dead. Cells were then 

grown in DMEM medium supplemented with 10%FBS, 100 units/ml penicillin, 100 μg/ml 

streptomycin, and 0.05 μM DOX.

A2780 ovarian cancer cells were grown in RPMI medium supplemented with 10% FBS, 100 

units/ml penicillin, and 100 μg/ml streptomycin. A2780-dx drug resistant cells were derived 

from A2780 cells through stepwise treatment with DOX as described above for MiaPaCa2 

cells. After selection, cells were grown in RPMI medium supplemented with 10% FBS, 100 

units/ml penicillin, 100 μg/ml streptomycin, and 0.05 μM DOX.
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Compounds and reagents.

BEZ235 and DOX were purchased from Fisher Scientific. Rhodamine-123 was purchased 

from Invitrogen (Life Technologies). pHAMDRwt plasmid was purchased from Addgene. 

Sildenafil was a gift from Pfizer. Antibody for actin-HRP (#sc1616) were purchased from 

Santa Cruz Biotechnology. Phospho-S6 ribosomal protein (#4858), S6 ribosomal protein 

(#2217), and cleaved-PARP (#5625) were purchased from Cell Signaling Technology. 

Secondary antibody was purchased from VWR (rabbit #95017–556).

Cell viability.

Cell viability was measured using the CellTiter 96 Aqueous One assay from Promega. Cell 

lines were plated at a density of 5000 cells/well in a 96 well plate for 48 hours in non-treated 

growth medium in an incubator set at 37°C and 5% CO2. Cells were then treated with drugs 

at the indicated concentrations for an additional 48 hours in the incubator. After treatment, 

medium was replaced with 100 μl of Aqueous One solution according to Promega’s protocol 

and incubated at 37°C for one hour. Viability was assessed by measuring the absorbance of 

each well using a 96 well plate spectrophotometer.

DOX accumulation studies.

Cells were plated in 6 well plates at a density of 20,000 cells/well and incubated at 37°C for 

48 hours. Thereafter, DOX (0.2 μM) was added in the presence or absence of the indicated 

concentrations of the inhibitor. After 48 hours, cells were trypsinized, washed twice with 

1x PBS and re-suspended in 1 ml of 1x PBS. DOX accumulation was measured by flow 

cytometry using excitation wavelength of 488 nm.

DOX efflux studies.

Cells were plated in 6 well plates at a density of 20,000 cells/well and incubated at 37°C 

for 48 hours. Forty-eight hours later, DOX (5 μM) was added in the presence or absence 

of the indicated concentrations of the inhibitor. After one hour, medium was replaced with 

fresh medium (minus DOX) in the presence or absence of inhibitor and efflux was allowed 

to continue for two hours. Cells were then trypsinized, washed twice with 1x PBS and 

re-suspended in 1 ml of 1x PBS. DOX accumulation was measured by flow cytometry using 

excitation wavelength of 488 nm.

Immunoblot analysis.

Cells were washed twice with 1x PBS then pelleted. Pellets were lysed with 1x lysis buffer 

(Cell Signaling #9803) plus 1 to 100 dilution protease inhibitor cocktail (Thermo Scientific 

#78410) and incubated on ice for 30 minutes after which samples were centrifuged at 

12,000g for 10 minutes at 4°C to remove insoluble debris. Supernatant was collected 

and protein measured using manufacturer’s protocol (Bio-Rad Protein Assay reagent #500–

0006). Samples were combined with 2x Laemmli sample buffer (Bio-Rad #161–0737) and 

boiled for 5 minutes after which proteins were separated using SDS-PAGE on 4%−20% 

TGX gradient gel (Bio-Rad #567–1093) and transferred to nitrocellulose paper (Bio-Rad 

#162–0232). After blocking non-specific binding sites with 5% milk in 1x TBS-T (tris 

buffers saline with 0.05% tween), membranes were incubated with the primary antibodies at 
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4°C overnight, washed 4x for 10 minutes each with TBS-T and incubated for an additional 

hour with a secondary antibody. Membranes were then washed 4 times with TBS-T for 10 

minutes each and visualized using Western Lighting ECL plus (Perkin Elmer #NEL105001) 

and exposing on BioMax light film (Kodak #1788207).

Immunofluorescence staining.

Cells were plated on 4-well glass chamber slides (Lab-tek #177399) at a density of 10,000 

cells/well and allowed to grow for 48 hours. Cells were then fixed in 4% paraformaldehyde 

for 15 minutes at room temperature and washed three times with 1x PBS for 5 minutes 

each. Slides were immersed in blocking buffer (5% normal goat serum, 0.3% Triton X-100 

in 1x PBS) for 1 hour and then incubated with primary antibody in blocking buffer 

overnight at 4°C. Thereafter, slides were washed three times in 1x PBS for 5 minutes 

each and then incubated with secondary antibody in blocking buffer an additional 1 hour. 

Slides were washed an additional three times in 1x PBS, after which hard set mounting 

medium (Vectasheild #H1500) and cover slips were added. Proteins were visualized using 

the NIKON Eclipse Ti confocal microscope.

ATPase assay.

ATPase activity was measured to test whether BEZ235 was substrate of ABCB1 substrate. 

Assay protocol (Promega #V3601) was followed according to manufacturers’ guidelines. 

Briefly, drugs were incubated with assay buffer, pgp membranes, and ATP for 40 minutes at 

37°C. Detection reagent was added and then incubated for an additional 20 minutes at room 

temperature after which the luminescence was measured.

Results

BEZ sensitizes drug resistant cells to DOX

As stated in the Methods, two drug resistant cell lines (Mia-dx and A2780-dx) were 

generated with sequential treatment of DOX over a six-month period. A third cell line (Mia-

B1) was generated by transfecting with a plasmid carrying the MDR1 gene and treated with 

DOX to obtain drug resistant colonies. Each of the drug resistant clones showed marked 

resistance to DOX in comparison to their respective parental cell lines when assessed over 

a range of concentrations from 0.05 μM to 1.0 μM (Fig 1A-C). Expression of ABCB1 was 

confirmed using western blot analysis and confocal microscopy. Two of the drug resistant 

cell lines, Mia-B1 and A2780-dx had an overexpression of ABCB1 protein, while the third 

(Mia-dx) had undetectable levels of ABCB1 (Fig. 1D-F).

BEZ increases intracellular accumulation of DOX

Overexpression of ABC transporters, including ABCB1, leads to increased drug efflux 

efficiency, which in turn, decreases intracellular drug accumulation. We tested if BEZ 

treatment would increase accumulation of DOX in the drug resistant cell lines. Cells 

were treated with DOX, either alone or in combination with BEZ or Sildenafil for 48 

hours. Taking advantage of the DOX auto-fluorescence, cells were collected, and then drug 

accumulation was directly measured by flow cytometry. Sildenafil (10 μM) was used as 

a positive control because it has been previously shown to inhibit ABCB1 mediated drug 
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efflux (Das et al., 2010). BEZ increased DOX accumulation to the same extent as sildenafil 

(50 nM) (Fig. 2A left and middle histograms), and completely reversed the drug resistant 

phenotype with BEZ (150 nM) in the A2780-dx cell line (Fig. 2A right histogram). Similar 

results were seen in Mia-B1 cells (Fig. 2B), although with a more subdued response. In 

these cells, sildenafil and 50 nM BEZ showed only a minor increase in DOX accumulation 

(Fig. 2B left and middle histograms). While BEZ (150 nM) enhanced DOX accumulation, it 

was not as complete a reversal as seen in the A2780-dx cell line (Fig 2B right histogram). 

This difference is most likely the result of the far higher expression of ABCB1 in Mia-B1 

cells similar to the A2780-dx cells. Slightly different results were seen in the Mia-dx cell 

line. Mia-dx cells share the drug resistant phenotype with Mia-B1 and A2780-dx, but lack 

overexpression of ABCB1. In this cell line, BEZ (50 nM) had little effect on increasing 

DOX accumulation (Fig 2C middle histogram), and BEZ (150 nM) had minimal effects (Fig 

2C right histogram). Sildenafil was able to increase accumulation in these cells to a greater 

extent than BEZ (Fig 2A left histogram), suggesting that BEZ may be more specific to 

ABCB1.

BEZ inhibits ABCB1 mediated DOX efflux

Since BEZ inhibits key proteins involved in the regulation of signal transduction and protein 

expression, it is possible that the increased accumulation of DOX could be unrelated to 

the direct inhibition of ABCB1. Therefore, to minimize the potential changes in protein 

expression, a drug efflux assay with much shorter treatment time of three hours was 

performed. Cells were treated for one hour with either DOX alone or in combination 

with the inhibitor. Subsequently, the cells were washed and the media was replaced with 

DOX free media, either with or without inhibitor for an additional two hours to allow the 

cells to efflux the accumulated DOX. Cells were then collected and DOX fluorescence 

was measured using flow cytometry. BEZ and sildenafil inhibited DOX efflux in a dose 

dependent manner in both A2780-dx and Mia-B1 cell lines (Fig 3A-B). On the other hand, 

neither sildenafil nor BEZ inhibited efflux to a greater extent in cells with undetectable 

expression levels of ABCB1 i.e., Mia-dx (Fig. 3C). These results show that BEZ enhanced 

accumulation of DOX in ABCB1 overexpressing drug resistant cell lines through direct 

inhibition of the transporter.

BEZ interaction with ABCB1

Since BEZ can enhance accumulation of DOX in drug resistant cell lines through direct 

inhibition of ABCB1, we further wanted to determine if BEZ inhibits this transporter 

through competition of substrate (i.e. DOX) in the binding pocket or through inhibition of 

the ATPase domain. When a substrate interacts with ABCB1, it stimulates ATP hydrolysis 

of the transporter. To test the ability of BEZ to stimulate ATPase activity, we used ABCB1 

substrates (verapamil, sildenafil and DOX), and an ATPase inhibitor (vanadate), which 

were combined with isolated pgp membranes in the presence of ATP. ATPase activity was 

quantitated by the amount of inorganic phosphate released from ATP. As shown in figure 

4A, all known ABCB1 substrates significantly stimulated ATP hydrolysis, including DOX. 

However, DOX was found to be a fairly weak substrate. Low concentration of BEZ (50 

nM) did not stimulate ATP hydrolysis and even at the higher dose showed only a minor 
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stimulation as compared to the no treatment group. This indicates that BEZ is either not a 

substrate, or at most is a very weak substrate of ABCB1.

Since BEZ is a dual inhibitor of PI3/mTOR signaling, we determined the role of this 

pathway in the inhibition of ABCB1 transporter. The parental and drug resistant cell lines 

were treated with 50 nM BEZ for 24 hours. The results showed that mTOR activity (S6 

phosphorylation) was decreased after treatment with BEZ in all cell lines, including those 

overexpressing ABCB1 (Fig 4C). These results indicate that accumulation of BEZ itself 

was not affected and further suggesting that BEZ is a very poor substrate of ABCB1. BEZ 

inhibition of PI3k and mTOR occurs at the ATP binding site of these kinases, therefore it 

is possible that BEZ also inhibits at the ATP binding site of ABCB1 thereby diminishing 

ATP hydrolysis and drug efflux efficiencies. If this were the case, BEZ should be able to 

block the stimulation of ATPase activity when a true substrate is combined with the isolated 

pgp membranes. Our results show that vanadate is a potent inhibitor of ATP hydrolysis, 

even in the presence of verapamil (Fig 4B). However, BEZ is unable to alter the ATPase 

activity even at the higher concentration (150nM) indicating that it does not inhibit the ATP 

binding site of ABCB1. These results provide strong evidence that BEZ is a poor substrate 

for ABCB1, and when taken solely as a substrate, would be far less likely to outcompete 

superior substrates like DOX for access to the binding site. BEZ is also not an inhibitor of 

ATPase activity indicating a separate inhibition profile, likely a non-substrate inhibitor.

BEZ re-sensitizes drug resistant cells to DOX

Treatment failure in cancer patients is commonly associated with the overexpression of 

ABC transporters. One strategy to overcome this is to inhibit the transporters which would 

increase accumulation of the cytotoxic agent within the cell. Our results have shown that 

BEZ inhibited ABCB1 mediated DOX efflux resulting in increased accumulation (Fig 3). 

To show if BEZ could re-sensitize ABCB1 overexpressing cells to DOX treatment, we 

examined cell viability following combination treatment with BEZ and DOX. BEZ alone 

had a dramatic effect on the cell viability of both MiaPaca2 and Mia-B1 due to its ability 

to arrest cells at G1 (Fig 5). Treatment of MiaPaca2 cells with DOX (0.5 μM) decreased 

cell viability to 60% as compared to the control group (Fig 5A). Cell viability was further 

reduced following combination treatment with DOX and BEZ, decreasing from 34% to 22% 

with increasing concentrations of BEZ, from 50 nM to 600 nM respectively. DOX with BEZ 

(150 nM) exerted maximum effect in reducing the cell viability. Mia-B1 cells responded 

quite differently when treated in the same manner as MiaPaca2 cells. As expected, due 

to overexpression of ABCB1 and what was seen in a previous cell viability assay, the 

group treated with DOX (0.5 μM) alone had no effect on viability as compared to the 

control group (Fig 1B). Also, the combination of DOX with 50 nM BEZ had no effect 

on viability compared to the cells treated with 50 nM BEZ alone (Fig. 5B). Conversely, 

with increasing concentrations of BEZ (i.e. 150, 300, 600 nM) in combination with DOX, 

there is a significant decrease in the percentage of viable cells as compared to all other 

groups (Fig. 5B). Similar results were obtained in the ovarian cancer cell lines (Fig. 5C,D). 

BEZ treatment alone decreased the percentage of viable cells remaining in both A2780 and 

A2780-dx cells to below 50%. The A2780 parental cells are sensitive to DOX alone, with 

only 26% viable cells remaining after 48 hours of treatment. Combination treatment further 

Durrant et al. Page 7

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2024 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



reduced viability down to 15%, with little or no further effect on viability with increasing 

concentrations of BEZ (Fig. 5C). In A2780-dx cells, 55% cells remained viable after 

treatment with DOX alone. Combination with BEZ significantly reduced the percentage 

of viable cells in a dose dependent manner with approximately 15% remaining in the 600 

nM BEZ group (Fig. 5D).

To further confirm cell viability results, we determined the expression of apoptosis proteins 

in the cell lysates following treatment with DOX, BEZ and DOX with BEZ. Cells treated 

with BEZ alone showed no effect on expression of cleaved form of PARP (an indicator of 

apoptosis) in any of the cell lines (Fig. 6). Treatment of MiaPaca2 and A2780 cells with 

DOX alone induced PARP cleavage, and BEZ treatment enhanced the expression of cleaved 

form of PARP in a manner that mirrored the decrease in viability (Fig. 6A and B top rows). 

In both Mia-B1 and A2780-dx cells, DOX treatment alone did not induce cleavage of PARP, 

while co-treatment with BEZ re-sensitized these cells in a dose-dependent manner thus 

mirroring the decrease in viability (Fig. 6 A and B second rows).

Discussion

A major cause of treatment failure in cancer patients is the overexpression of ABC 

transporters, which leads to MDR phenotype (Liao et al., 2019, Gottesman et al., 2002, 

Fletcher et al., 2010). ABCB1 is the most commonly overexpressed transporter in cancer 

cells, which has been shown to confer resistance against several clinically used drugs, 

including etoposide, paclitaxel, vincristine, and DOX (Ambudkar et al., 1999). Since the 

early 1980’s, a number of studies have investigated various ABCB1 inhibitors, but no 

modulators with clinical efficacy have been approved (Gottesman et al., 2002, Szakács et 

al., 2006, Fletcher et al., 2010). In the present investigation, we have shown that BEZ 

significantly increased accumulation of DOX in ABCB1 overexpressing drug resistant cells, 

but had little effect in drug resistant cells with undetectable levels of ABCB1. Moreover, the 

nanomolar concentrations of BEZ used in this study did not cause significant inhibition 

of the ATPase activity of ABCB1 transporter. Additionally, our data shows that BEZ 

re-sensitized ABCB1 overexpressing cells to DOX treatment in a dose-dependent fashion. 

Taken together, these results demonstrate that BEZ has the potential to reverse the MDR 

phenotype in cancer cells overexpressing ABCB1.

Cancer cells with an overexpression of one or more of the ABC transporters show reduced 

intracellular accumulation of cytotoxic agents to levels below the effective dose due to 

their increased efflux capacity (Fletcher et al., 2010, Gottesman et al., 2002, Szakács et al., 

2006). Inhibitors of these transporters are thought to prevent this cellular efflux, resulting 

in intracellular concentrations of the cytotoxic agent above the effective threshold. Our 

results show that treatment of ABCB1 overexpressing A2780-dx and Mia-B1 cells with 

BEZ in combination with DOX caused increase in the intracellular concentration of DOX 

to levels close to their respective parental cell lines (Fig 1). Since the PI3k/mTOR pathway 

plays an important role in signaling and protein translation, it is quite possible that BEZ 

increases DOX accumulation by other means besides direct inhibition of the transporter. 

Along those lines, rapamycin, an inhibitor of mTOR complex 1, was shown to increase the 

accumulation of vincristine and DOX in drug resistant lymphoma cell lines, at least in part 
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through the down regulation of ABCB1 protein expression (Pop et al., 2009). To address the 

possibility of change in the expression of ABCB1, our results suggest that BEZ can inhibit 

the efflux capacity of ABCB1 overexpressing cells following brief exposure time, essentially 

to a similar extent as shown for the 48 hour treatment (Fig. 3). Since the total duration of 

the experiment was three hours (including one hour co-treatment of BEZ and DOX), it is 

unlikely that there would be any meaningful reduction in the levels of ABCB1 expression 

in such a short time frame. Similar results were reported for the PI3k inhibitor, LY294 002, 

where treatment for 0.5 hours and 24 hours did not change the ABCB1 expression (Barancík 

et al., 2006). These studies are more in line with the results in the present study, which 

indicate that BEZ inhibits ABCB1 function without decreasing its expression.

Several inhibitors, including those targeting kinases (sunitinib) and phosphodiesterase 5 

(sildenafil), reverse the MDR phenotype of cells overexpressing ABC transporters through 

interaction at the substrate binding site (Shukla et al., 2009, Shi et al., 2011). These 

compounds not only bind, but are substrates themselves, as shown by their capacity to 

enhance ATPase activity in isolated membranes overexpressing ATP transporters. BEZ, on 

the other hand, had very little effect on ATPase stimulation in isolated pgp membranes 

whereas verapamil and sildenafil (the positive controls), significantly enhanced activity (Fig. 

4 A,B). In addition, BEZ was still able to inhibit downstream mTOR signaling in all drug 

resistant cell lines to the same extent as their respective parental cell lines. This would 

not have been expected if BEZ were a favorable substrate because there would be reduced 

accumulation within the cell leading to a muted response (Fig 4C). It is known that BEZ 

inhibits PI3k and mTOR through binding at the ATP binding cleft suggesting the possibility 

that it inhibits ABCB1 in a similar fashion [20]. However, our data suggests that BEZ 

does not inhibit ABCB1 function through inhibition of ATP hydrolysis since it is unable to 

prevent verapamil mediated stimulation of ATPase activity (Fig 4B). These results indicate 

that BEZ mediated inhibition of ABCB1 efflux in the nanomolar range is not through 

competitive inhibition at the ATP binding site (and thus is not likely to be a competitive 

substrate inhibitor). Our results are similar to those seen in LY294 002 which does not 

interact directly with the substrate binding site (Barancík et al., 2006). A high-throughput 

screening assay measuring ABCB1 mediated calcein AM efflux demonatrated that BEZ as 

a substrate inhibitor of ABCB1 (Ansbro et al., 2013). In contrast to the present study, the 

concentrations of BEZ used to inhibit calcein AM efflux were in the micromolar range, with 

several of the studies using 20 μM. It has been shown previously that plasma levels of BEZ 

in mice peaked at 1.68 μmol/L 30 minutes after an oral gavage feeding of 50 mg/kg and 

rapidly decreased from there (Maira et al., 2008). We believe that concentrations below 1 

μM would be more translatable in a clinical setting making our results of ABCB1 inhibition 

with nanomolar concentrations of BEZ even more attractive.

Over expression of ABC transporters in cancer cells can lead to decreased drug 

accumulation and treatment failure. Therefore, it is essential for an inhibitor to be able 

to re-sensitize overexpressed cells to treatment with a cytotoxic agent like DOX. Our results 

show that BEZ reduced the viability of ABCB1 overexpressing cells when co-treated with 

DOX in a dose dependent manner (Fig. 5 B,D). Our data also shows that reduction in 

viability is associated with corresponding increase in apoptosis, as shown by increased 

cleaved form of PARP (Fig. 6 A,B). Other studies have shown that BEZ can enhance the 
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cytotoxicity of a drug, even when treatment with BEZ alone had only minimal effects on cell 

death (Manara et al., 2010, Lin et al., 2012, Schult et al., 2012, Yi et al., 2013, Yang et al., 

2013). It has been suggested that the increase in cytotoxicity is due to the inhibition of the 

PI3k and mTOR survival signaling pathways. While this may be the case, especially in cells 

with amplified signaling from mutations within these pathways, the enhancement is also 

the result of increased accumulation of the drug due to inhibited ABCB1 mediated efflux. 

Further studies are required to reexamine the extent to which the increased accumulation 

of these cytotoxic agents in combination with BEZ play a role in in enhancing the 

cytotoxicity. Phosphorylation of ABCB1 also plays a role in the efficiency of substrate 

transport (Germann et al., 1996). We cannot rule out a change in phosphorylation state 

of ABCB1 following treatment with BEZ which could cause decrease in efflux efficiency 

without decrease in the total protein levels through inhibition of signaling upstream of 

ABCB1.

Another interesting observation in the current study was that DOX appeared to be the weak 

substrate for ABCB1 (Fig. 4A) although it is believed that DOX resistance in tumors is, 

in part, mediated by overexpression of ABC transporters. In pancreatic cancer, which is 

known to be resistant to drug treatment, even patients without preoperative chemotherapy 

were shown to have ABCB1 expression rates of more than 50% (Lee et al., 2012). Also, 

DOX treatment can result in drug resistant clones that overexpress ABCB1 indicating that 

these transporters may be the best option for cells to export this cytotoxic agent. In spite of 

this, our results indicate that DOX is not an ideal substrate for ABCB1. Traditional ABCB1 

inhibitors are known to have associated toxicities due to decreased systemic clearance of 

anti-cancer agents, which needs to be considered when using ABC transporter inhibitors 

(Fletcher et al., 2010). There are currently more powerful inhibitors being tested that have 

greater specificity to particular ABC transporters, however there remains the possibility that 

the clinical benefit will not be great even with this increase in specificity (Fletcher et al., 

2010). Another way to circumvent toxicity associated with co-treatment of ABC transporter 

inhibitors with anti-cancer drugs is to find non-substrate alternatives for cancer treatment 

(Polgar and Bates, 2005). We speculate that for those drugs which are weak substrates, 

like DOX, it may be more beneficial to combine them with drugs that themselves have 

anti-cancer activity along with being weak or non-substrate inhibitors, like BEZ. This may 

prove to be a beneficial strategy at attacking both ABCB1 negative as well as ABCB1 

overexpressing cancer cells leading to improved outcomes for wide range of patients.

Clinical trials testing the effectiveness of using BEZ for the treatment of cancer revealed 

high toxicity profiles (Fazio et al., 2016, Carlo et al., 2016). In both studies, the vast majority 

of patients had to prematurely discontinue treatment due to adverse events that included 

diarrhea, nausea, hyperglycemia, and others. While these reports are disappointing, there 

remains the possibility of using BEZ in combination therapies that use lower doses than 

what would be required for use as monotherapies. This could especially be important when 

combined with compounds that are substrates of ABCB1 such as DOX, as lower dosing 

would be required to achieve intracellular concentrations required for therapeutic efficacy.

In summary, our results demonstrate that BEZ at clinically relevant concentrations not 

only causes accumulation of DOX in ABCB1 overexpressing drug resistant cells, but 
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also re-sensitized cells to DOX treatment. We previously demonstrated that the therapeutic 

efficacy of DOX could be enhanced in pancreatic cancer when combined with BEZ, while 

the standard of care drug, gemcitabine, showed reduced potency. The present study reveals 

the need to re-evaluate the use of DOX and other chemotherapeutic agents when used in 

appropriate combinations to enhance their efficacy. In addition, while DOX was used to 

validate the ABCB1 inhibitory effects of BEZ, similar combinations with other ABCB1 

substrates like paclitaxel and vincristine could potentially result in a similar re-sensitization 

of drug resistant cells through the same mechanism. This suggests that BEZ has the potential 

to reverse the MDR phenotype in multiple cancer types overexpressing ABCB1. These 

results suggest that BEZ has the potential to reverse the MDR phenotype in cancer cells 

overexpressing ABCB1.
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Review Highlights

• Multidrug Resistance (MDR) decreases effectiveness of cancer drugs

• Targeting ATP Binding Cassette (ABC) transporters is known to reverse MDR

• Dual PI3Kinase/mTOR Inhibitor BEZ235 increased doxorubicin 

accumulation in drug-resistant cancer cells

• BEZ235 improved doxorubicin-induced cancer cell killing

• MDR in cancer cells can be reversed by BEZ235.
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Figure 1. BEZ235 (BEZ) sensitizes drug resistant pancreatic and ovarian cancer cells to 
doxorubicin (DOX).
Cell viability was measured after 48hr of treatment with increasing concentrations of DOX 

ranging from 0.05 μM to 1 μM using the AQueous One cell viability assay from Promega. 

(A) Mia-dx and (B) Mia-B1 were plotted against their parental cell line, MiaPaca2, and (C) 

A2780-dx was plotted against its parental cell line, A2780. Protein expression of ABCB1 

was visualized in each cell line after western blot analysis (D) or confocal microscopy (E-F) 

using an antibody against ABCB1.

Durrant et al. Page 16

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2024 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. BEZ235 increases intracellular accumulation of doxorubicin.
Cells were treated for 48hr with 0.2 μM DOX in combination with either sildenafil (SIL) or 

BEZ after which they were collected. DOX accumulation was analyzed by flow cytometry 

taking advantage of DOX auto fluorescence. In all histograms, the light blue peak represents 

the untreated parental control, the red peak represents the DOX treated parental cells, the 

pink peak represents the DOX treated drug resistant cell line, and the green peak represents 

DOX treated drug resistant cell line in combination with the indicated inhibitor. (A) A2780-

dx, (B) Mia-B1, and (C) Mia-dx.
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Figure 3. BEZ235 inhibits ABCB1 mediated efflux of doxorubicin
Cells were treated for 1hr with 5 μM DOX in combination with either sildenafil (SIL) 

or BEZ235 (BEZ) followed by incubation for two hours in DOX free media treated with 

SIL or BEZ. The cells were then collected and DOX accumulation was analyzed by flow 

cytometry. Similar to figure 3, in all histograms, the light blue peak represents untreated 

parental control, red peak represents DOX treated parental cells, pink peak represents DOX 

treated drug resistant cell line, and green peak represents DOX treated drug resistant cell line 

in combination with the indicated inhibitor. (A) A2780-dx, (B) Mia-B1, and (C) Mia-dx.

Durrant et al. Page 19

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2024 February 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. BEZ is a weak substrate for ABCB1 transporter.
(A-B) ATPase activity assay (Promega) using isolated pgp membranes was used to 

determine if BEZ is a substrate of ABCB1. Verapamil, a known substrate of ABCB1, 

was used as a positive control for ATPase stimulation. Vanadate inhibits ATPase activity 

even in the presence of substrate through interaction at the ATP binding site and preventing 

ATP hydrolysis. (C) The different cell lines were treated in the presence or absence of 50 

nM BEZ for 24 hours. Cell lysates were collected and Western blots were performed to 

determine the phosphorylation of ribosomal protein S6, a downstream marker of mTORC1.
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Figure 5. BEZ re-sensitizes drug-resistant cells to DOX.
Cells seeded into 96-well plates were treated with the indicated drug concentrations. After 

48 hours, cell viability was measured using the AQueous One cell viability assay kit from 

Promega. (A) MiaPaca2, (B) Mia-B1, (C) A2780, (D) A2780-dx. #, *, and ** indicates 

significance of the combination treatment group to its respective BEZ only treatment group.
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Figure 6. BEZ treatment in combination with DOX increases expression of cleaved PARP.
Cells were treated with the indicated drug combinations in 75cm2 flasks for 48 hours. Cell 

lysates were collected and analyzed using western blot. Apoptosis was measured by the 

amount of cleaved PARP present.
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