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ABSTRACT 

 

Deregulated activation of phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of 

rapamycin (mTOR) pathway is frequently found in human cancers, which plays a key 

role in promoting cancer proliferation and resistance to anticancer therapies. 

Therefore, developing inhibitors targeting key components of the PI3K/Akt/mTOR 

signaling pathway has great clinical significance. PF-4989216 is a novel, orally 

available small-molecule drug that was developed to selectively inhibit the 

PI3K/Akt/mTOR signaling pathway and subsequent cancer cell proliferation. 

PF-4989216 exhibited potent and selective inhibition against PI3K kinase activity in 

preclinical small-cell lung cancer (SCLC) models, and was especially effective 

against the proliferation of SCLCs harboring PIK3CA mutation. Unfortunately, in 

addition to innate resistance mechanisms, drug extrusion by the efflux pumps may 

also contribute to the development of acquired resistance to PI3K inhibitors in cancer 

cells. The overexpression of ATP-binding cassette (ABC) drug transporters ABCB1 

and ABCG2 is one of the most common mechanisms for reducing intracellular drug 

concentration and developing multidrug resistance, which remains a substantial 

challenge to the effective treatment of cancer. In this study, we report the discovery of 

ABCG2 overexpression as a mechanism of resistance to PI3K inhibitor PF-4989216 

in human cancer cells. We demonstrated that the inhibition of Akt and downstream 

S6RP phosphorylation by PF-4989216 were significantly reduced in 

ABCG2-overexpressing human cancer cells. Moreover, overexpression of ABCG2 in 

various cancer cell lines confers significant resistance to PF-4989216, which can be 

reversed by an inhibitor or competitive substrate of ABCG2, indicating that 

ABCG2-mediated transport alone can sufficiently reduce the intracellular 

concentration of PF-4989216.  
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INTRODUCTION 

 

 The phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin 

(mTOR) signaling pathway has a central role in regulating cell proliferation and 

survival. Constitutive activation of the PI3K/Akt/mTOR (PAM) pathway is common 

in various cancer types through amplification or mutations of receptor tyrosine 

kinases, amplification of PI3K, PIK3CA mutations, overexpression of Akt, PTEN 

mutation/inactivation or KRAS mutation 1. Consequently, key signaling proteins in 

this pathway present attractive targets for cancer therapy. Preclinical development and 

clinical trials of many novel PI3K inhibitors, including pan-PI3K inhibitors and 

isoform-selective PI3K inhibitors are currently ongoing 2. Notably, the U.S. Food and 

Drug Administration (FDA) approved idelalisib, a PI3K inhibitor, to treat patients 

with relapsed follicular B-cell non-Hodgkin lymphoma, relapsed small lymphocytic 

lymphoma or chronic lymphocytic leukemia 3. Moreover, considering that the 

activation of the PAM pathway is often associated with chemotherapeutic resistance 

in various cancers, the use of potent PI3K inhibitors is therefore of importance when 

administered in combination with conventional cytotoxic chemotherapeutic agents 4, 5.  

  

 Cancer cells often develop multidrug resistance (MDR) after chronic treatment 

with conventional chemotherapeutic agents 6. MDR cancer cells are insensitive to 

multiple structurally and mechanically unrelated anticancer drugs, which frequently 

lead to failure in chemotherapy and cancer relapse 7, 8. The overexpression of 

ATP-Binding Cassette (ABC) transporters is one of the many mechanisms that are  

known to contribute to the development of MDR in cancer cells 7, 8. In particular, 

MDR mediated by the overexpression of ABCB1 (P-glycoprotein/ MDR1) or 

ABCG2 (BCRP, MXR) is often considered to be a major obstacle in cancer 
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chemotherapy9. Structurally, ABCB1 protein is composed of two transmembrane 

domains and two nucleotide-binding domains, whereas ABCG2 protein is half 

transporter composed of one transmembrane domain and one nucleotide-binding 

domains, and functions as a homodimer or oligomer in cancer cells 10. Both 

transporter are capable of transporting and conferring resistance to a majority of 

conventional anticancer drugs as well as tyrosine kinase inhibitors 11, 12. Importantly, 

ABCG2 has been show to transport a range of protein kinase inhibitors, including 

gefitinib, sorafenib, sunitinib, imatinib, vemurafenib and CUDC-907 13-22, and is 

linked to drug resistance in patients with acute lymphocytic leukemia (ALL) and 

acute myelogenous leukemia (AML) 23-25. Both ABCB1 and ABCG2 utilize energy 

derived from ATP hydrolysis to actively efflux structurally diverse anticancer agents 

out of cancer cells, which lead to reduced intracellular drug concentration and 

cytotoxicity, rendering chemotherapy ineffective 9. Furthermore, ABCB1 and 

ABCG2 have an important endogenous protective role, limiting xenobiotics from 

crossing the intestinal walls, liver canalicular membrane and the blood-brain barrier 

(BBB) 9, 12. Therefore, their transport function can significantly alter the adsorption, 

distribution, metabolism, elimination and toxicity of most anticancer drugs 26. 

 

 PF-4989216 is a novel, orally available small molecule PI3K inhibitor that 

demonstrated potent and selective inhibition against PI3K kinase activity 27. 

PF-4989216 has been subsequently tested in preclinical small-cell lung cancer 

(SCLC) models and showed promising antitumor activity against SCLCs harboring 

PIK3CA mutation, one of the most commonly mutated oncogenes in human cancer 28. 

Many small-molecule PI3K inhibitors, including PF-4989216, have shown promising 

pre-clinical activity against human cancers, both in vitro and in vivo. However, the 

emergence of drug resistance is likely to limit their clinical use in the future. 
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Although numerous resistance mechanisms have already been discovered to 

negatively affect the activity of PI3K inhibitors 29, such as the presence of extensive 

cross-talk between the PAM pathway and other signaling pathways 5, drug extrusion 

by the efflux pumps may also contribute to the development of acquired resistance to 

PI3K inhibitors in cancer cells. Considering that the overexpression of ABCB1 

and/or ABCG2 are among the most common mechanisms for developing drug 

resistance in cancer cells 30, we decided to examine the impact of ABCB1 and 

ABCG2 on the effectiveness of PF-4989216 in human cancer cells. 

 

 In this study, we discovered that the overexpression of ABCG2 significantly 

reduced the ability of PF-4989216 to inhibit the phosphorylation of PI3K downstream 

molecules and subsequent cancer cell proliferation. Moreover, the activity and 

cytotoxicity of PF-4989216 in ABCG2-overexpressing cells were fully restored in the 

presence of an inhibitor or a competitive substrate of ABCG2. In summary, we 

provide experimental evidence that the drug efflux function of ABCG2 can contribute 

significantly to the development of acquired resistance to PF-4989216 in cancer cells, 

and there is an urgent need for developing a drug combination strategy to overcome 

multidrug resistance in cancer therapy. 
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EXPERIMENTAL SECTION  

 

 Chemicals and cell cultures.  Dulbecco's Modified Eagle's medium (DMEM), 

RPMI medium, fetal calf serum (FCS), phosphate-buffered saline (PBS), 

trypsin-EDTA, penicillin, and streptomycin were purchased from Gibco, Invitrogen 

(CA, USA). PF-4989216 was purchased from Selleckchem (Houston, TX, USA). 

[125I]-Iodoarylazidoprazosin (IAAP) (2200 Ci/mmol) was purchased from 

Perkin-Elmer Life Sciences. All other chemicals were purchase from Sigma-Aldrich 

(St. Louis, MO, USA). OVCAR-8, NCI-ADR-RES, NIH3T3, NIH3T3-G185, S1 and 

S1-M1-80 cells were cultured in RPMI-1640 (Gibco, Invitrogen), supplemented with 

10% FCS, 2 mM L-glutamine and 100 units of penicillin/streptomycin/mL. H460, 

H460-MX20, MCF-7, MCF7-FLV1000, MCF7-AdVp3000, KB-3-1, KB-V-1, 

pcDNA3.1-HEK293, ABCB1-transected MDR19-HEK293 and ABCG2-transfected 

R482-HEK293 were cultured in DMEM supplemented with 10% FCS, 2 mM 

L-glutamine, 100 units of penicillin/streptomycin/mL. S1-M1-80 cells were cultured 

in RPMI-1640 with addition of 80 μM mitoxantrone 31, HEK293 and HEK293 

transfected lines were maintained in DMEM with addition of 2 mg/mL G418 31, 

KB-V-1 cells were cultured in DMEM with addition of 1 mg/mL vinblastine 32, 

MCF7-FLV1000 cells were cultured in DMEM with addition of 1 µg/mL of 

flavopiridol, whereas MCF7-AdVp3000 cells were cultured DMEM with addition of 

3 µg/mL doxorubicin and 5 µg/mL verapamil 33. All cell lines were maintained at 

37°C in 5% CO2 humidified air and placed in drug-free medium 7 days prior to assay. 

  

 Cytotoxicity assay. MTT and CCK-8 assays were performed to determine the 

general sensitivities of cells to the tested drugs according to the method described by 

Ishiyama et al 34. For the reversal of cytotoxicity assays, PF-4989216 or Ko143 or 
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lapatinib at a non-toxic concentration was added into the cytotoxicity assay, and the 

extent of reversal was then calculated as described previously 35. 

 

 Immunoblotting. Antibodies anti-phospho-Akt (Thr308), anti-phospho-Akt 

(Ser473), anti-total-Akt, anti-phospho-S6RP, anti-total-S6RP, BXP-21 and 

anti-α-tubulin were used to detect phosphorylated Akt at Thr308, phosphorylated Akt 

at Ser473, total Akt, phosphorylated S6 ribosomal protein, total S6 ribosomal protein, 

ABCG2, and tubulin, which was used as positive control for Western blotting. 

Horseradish peroxidase-conjugated goat anti-mouse IgG and anti-rabbit IgG were 

used as secondary antibodies. Signals were detected as described previously 20, 28, 31, 36.  

 

 Fluorescent drug accumulation assay. The accumulation of fluorescent dyes in 

cancer cells were determined using a FACSort flow cytometer equipped with Cell 

Quest software (Becton-Dickinson) as described previously 37. Briefly, cells were first 

trypsinized and resuspended in Iscove's modified Dulbecco's medium (IMDM) 

supplemented with 5% FCS, then pheophorbide A (PhA) was added to 3 x 105 cells in 

4 mL of IMDM in the absence or presence of PF-4989216 or Ko143 to determine 

ABCG2-mediated PhA efflux according to the method described by Gribar et al 38. 

 

 ATPase assay and photoaffinity labeling of ABCG2 with [125I]IAAP. 

Vanadate (Vi)-sensitive ABCG2 ATPase activity in High-Five cell crude membranes 

was measured by endpoint Pi assay as described previously 39. To perform 

photoaffinity labeling assays, membrane vesicles (500 μg protein/mL) made from 

MCF7-FLV1000 cells expressing ABCG2 were prepared as described previously 39. 

Membranes were first incubated with PF-4989216 for 10 min at room temperature in 

50 mM Tris-HCl and 150 mM NaCl, pH 7.5 before 3-6 nmol/L [125I]IAAP (2200 
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Ci/mmole) was added. The samples were then processed as described previously 31. 

 

 Statistical analysis. All experiments were performed independent at least three 

times. Results were presented as mean ±standard error of the mean (S.E.M), and the 

IC50 values were calculated as mean ± standard deviation (SD). Two-sided Student’s 

t-test method was used to determined the differences between any mean values, and 

results were considered statistically significant at P < 0.05.  

 

RESULTS 

 

 ABCG2-overexpressing cells are resistant to PF-4989216. Given that the 

overexpression of MDR-linked ABC drug transporters ABCB1 and ABCG2 in cancer 

cells is known to lead to acquired resistance to a variety of molecularly targeted 

anticancer agents 13, 20, 40-43, we determined the toxicity of PF-4989216 in several 

drug-sensitive and MDR cancer cell lines, including cells overexpressing ABCB1 or 

ABCG2, and in HEK293 cells transfected with human ABCB1 or ABCG2. We 

noticed that ABCG2-overexpressing S1-M1-80 (Figure 1A, closed circles), human 

breast cancer MCF7-FLV1000 (Figure 1B, closed circles) and MCF7-AdVp3000 

(Figure 1B, closed squares), as well as human ABCG2-transfected HEK293cells, 

R482-HEK293 (Figure 1C, closed circles) were all resistant to PF-4989216 as 

compared to the ABCG2-negative parental cells (Figure 1, open circles). The 

calculated IC50 and resistance factor (RF) values of PF-4989216 are summarized in 

Table 1. The RF value corresponds to the extent of cellular resistance to PF-4989216 

caused by the overexpression of a particular ABC drug transporter in a cell lines, 

which is calculated by dividing the IC50 value of a particular MDR subline by the IC50 

value of the parental line. In contrast to ABCG2-overexpressing cells, cancer cells 
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overexpressing ABCB1 or cells transfected with human ABCB1 were equally 

sensitive to PF-4989216 as their drug-sensitive parental cells (Table 1). Our results 

here show that PF-4989216 is significantly less effective against the proliferation of 

cells overexpressing human ABCG2, with RF values ranging from 4 to 27 (Table 1). 

 

 The inhibition of PI3K downstream signaling in human cancer cells by 

PF-4989216 is reduced by the efflux function of ABCG2. Given that PF-4989216 is 

a potent PI3K inhibitor 28, we compared the inhibitory effect of PF-4989216 on the 

phosphorylation of PI3K downstream molecules in drug-sensitive human colon S1 

cancer cell line and in its ABCG2-overexpressing S1-M1-80 MDR subline. As 

expected, phosphorylation of Akt at threonine 308 (T308) and serine 473 (S473) were 

completely inhibited by PF-4989216 in drug-sensitive S1 cells. Moreover, 

downstream phosphorylation of S6RP was also inhibited by PF-4989216, in a 

dose-dependent manner (Figure 2A, left panels and 2B). However, PF-4989216 was 

considerably less effective in inhibiting Akt and S6RP phosphorylation in 

ABCG2-overexpressing S1-M1-80 cells (Figure 2A, right panels). In contrast, 

GDC-0980, a known PI3K/mTOR kinase inhibitor 44, was equally effective in 

inhibiting Akt and S6RP phosphorylation in both parental S1 and ABCG2 expressing 

S1-M1-80 cells (Figure 2B). Of note, since the positive control GDC-0980 has been 

reported as a substrate for ABCG2 45, a saturating concentration of GDC-0980 was 

used to ensure the complete inhibition of Akt and S6RP phosphorylation. Interestingly, 

we discovered that in the presence of ABCG2 reference inhibitor Ko143, the 

inhibitory activity of PF-4989216 on PI3K signaling in S1-M1-80 increased 

significantly to a comparable level as in drug-sensitive S1 cancer cells (Figure 2B). In 

addition, treatment with PF-4989216 or GDC-0980 alone or in combination with 

Ko143 did not affect the level of total Akt or total S6RP in these cells (Figure 2A and 
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2B). In order to further confirm the role of ABCG2 function in mediating cellular 

resistance to PF-4989216, we evaluated the re-sensitization effect of Ko143 and 

lapatinib, a known competitive inhibitor of ABCG2 46 on ABCG2-mediated resistance 

to PF-4989216. As shown in Table 2, by inhibiting the transport function of ABCG2, 

Ko143 and lapatinib significantly reversed PF-4989216 resistance in 

ABCG2-overexpressing S1-M1-80 cells and H460-MX20 cell, as well as 

ABCG2-transfected R482-HEK293 cells. Collectively, our results demonstrate that 

the function of ABCG2 negatively affects the ability of PF-4989216 to inhibit PI3K 

signaling and the proliferation of cancer cells.  

 

 PF-4989216 stimulates ATPase activity of ABCG2. Next, to gain insight into 

the relationship between PF-4989216 and ABCG2-mediated transport, we studied the 

effect of PF-4989216 on vanadate (Vi)-sensitive ATPase activity of ABCG2 in crude 

membranes isolated from High-Five cells expressing human ABCG2 protein. We 

discovered that PF-4989216 stimulated ABCG2 ATP hydrolysis in a dose-dependent 

manner. PF-4989216 produced a maximum stimulation of approximately 3-fold, and 

the concentration required to produce 50% of stimulation was 0.71 ± 0.06 μM (Figure 

2C). Since substrate transport mediated by ABCG2 is known to couple to stimulation 

of ABCG2 ATP hydrolysis 47, our results suggest that PF-4989216 is a transport 

substrate of ABCG2, which is in agreement with the cytotoxicity data (Figure 1). 

 

 PF-4989216 antagonizes transport mediated by ABCG2. We evaluated the 

interaction between PF-4989216 and ABCG2 by examining the effect of PF-4989216 

on ABCG2 function and protein expression. The effect of PF-4989216 on 

ABCG2-mediated efflux of PhA, a known fluorescent substrate of ABCG2 37 was 

determined in ABCG2-overexpressing S1-M1-80 cells (Figure 3A), MCF7-FLV1000 
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cells (Figure 3B) and H460-MX20 non-small human lung cancer cells (Figure 3C), as 

well as ABCG2-transfected R482-HEK293 cells (Figure 3D). PF-4989216 

significantly inhibited ABCG2-mediated PhA transport from ABCG2-overexpressing 

cancer cells (Figure 3A - C, right panels) and cells transfected with ABCG2 (Figure 

3D, right panel). Moreover, PF-4989216 had no significant effect on the 

accumulation of PhA in drug-sensitive parental cells (Figure 3A - D, left panels). Next, 

we examined the effect of PF-4989216 on photoaffinity labeling of [125I]IAAP in 

isolated membrane vesicles from ABCG2-overexpressing MCF7-FLV1000 cells. 

[125I]IAAP is a known transport substrate of ABCG2 and binds directly to the 

substrate binding site of ABCG2 48, for this reason any substrate that binds to the 

same site will inhibit the photolabeling 31, 49. We discovered that 10 µM of 

PF-4989216 inhibited [125I]IAAP photoaffinity labeling of ABCG2 by approximately 

55% (Figure 4A). Our result confirms that PF-4989216 interacts, similar to IAAP, at 

the substrate-binding site of ABCG2. 

 

 Previous reports have demonstrated that some drug substrates of ABCG2 can 

reverse ABCG2-mediated MDR in cancer cells by competing directly with the 

transport of another drug substrate 31, 46, 50, 51. Therefore, we examined the effect of 

PF-4989216 on ABCG2-mediated resistance to mitoxantrone, a well-established 

anticancer drug substrate of ABCG2 10, in S1-M1-80 and R482-HEK293 cells. 

The fold-reversal (F.R) value 46 shown in Table 3 represents the extent of MDR 

reversal of cells to mitoxantrone caused by a reversing agent. We found that at the 

highest non-toxic concentration of 200 nM (Figure 1), PF-4989216 had no significant 

effect on ABCG2-mediated mitoxantrone resistance in any of the cell lines tested 

(Table 3). Of note, Ko143 was used as positive control for complete inhibition of 

ABCG2 function (Figure 3A - D, dashed lines) and reversal of drug resistance 
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conferred by ABCG2 (Table 3). The protein expression of ABCG2 in S1 and 

S1-M1-80 cells was also examined after treating these cells with increasing 

concentrations of PF-4989216 (0.5 - 3 μM) for 72 h and processed for 

immunoblotting as described in Experimental section. Our results indicate that 

short-term exposure to PF-4989216 has no significant effect on the total protein 

expression level of ABCG2 in these cancer cells (Figure 4B). 

 

DISCUSSION 

 

 The activated PI3K signaling pathway is an attractive therapeutic target for many 

types of cancers, including non-small cell lung carcinoma, breast cancer, lymphoma 

and glioblastoma 52. However, the overexpression of ABCB1 and ABCG2 has been 

shown to significantly reduce the therapeutic efficacy of PI3K signaling pathway 

inhibitors, such as GDC-0980 45, CUDC-10142, CUDC-90722 and AZD8055 53. 

Moreover, the presence of ABCB1 and ABCG2 at the BBB also restricts the brain 

penetration of many PI3K inhibitors that can be used to treat glioblastoma. For 

instance, NVP-BEZ235 and pictilisib (GDC-0941) are potent inhibitors of the PI3K 

signaling pathway with similar properties to PF-4989216, both inhibiting cancer cell 

proliferation in the nanomolar range 54, 55 and are highly active against cancer cells 

harboring PIK3CA mutations 55-58. However, studies found that NVP-BEZ235 and 

pictilisib are substrates of ABCB1 and ABCG2, and the brain penetration of both 

PI3K inhibitors were negatively affected by the transport function of ABCB1 and 

ABCG2 at the BBB, restricting the use of both agents to treat patients with brain 

tumors 53, 59. 

 

 The recently developed PI3K inhibitor PF-4989216 has demonstrated promising 
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preclinical activity, both in vitro and in vivo, targeting the PI3K/Akt/mTOR signaling 

pathway 27 and subsequent cancer cell proliferation 28. Unfortunately, the risk of 

developing resistance to PF-4989216 mediated by ABCB1 and ABCG2 can one day 

become a therapeutic challenge to clinicians in the clinic. Therefore, we first 

evaluated the cytotoxicity of PF-4989216 in multiple cancer cell lines of different 

origins, including ABCB1 and ABCG2-overexpressing cancer cell lines. We observed 

that PF-4989216 was significantly less cytotoxic to ABCG2-overexpressing cells and 

cells transfected with human ABCG2 as compared to the ABCG2-negative cells. We 

were able to restore the sensitivity of ABCG2-overexpressing cells to PF-4989216 by 

co-treatment with an inhibitor (Ko143) or a competitive substrate (lapatinib) of 

ABCG2 46, demonstrating ABCG2 as a mechanism of resistance for PF-4989216. 

Knowing that ABCG2-expressing cells are resistant to PF-4989216, we next 

examined the efficacy of PF-4989216 to inhibit the phosphorylation of PI3K 

downstream molecules, which is a key characteristic of PF-4989216 to inhibit cancer 

cell proliferation 28, in ABCG2-negative human S1 colon cancer cell line and its 

ABCG2-overexpressing S1-M1-80 MDR subline. Consistent with the cytotoxicity 

data, we found that PF-4989216 failed to inhibit the phosphorylation of Akt at 

threonine 308 (T308) and serine 473 (S473), as well as downstream S6RP in 

ABCG2-overexpressing S1-M1-80 cancer cells to the same extent as in S1 cancer 

cells. Furthermore, we discovered that ABCG2 inhibitor Ko143 was able to restore 

the activity of PF-4989216 in S1-M1-80 cells, suggesting the direct involvement of 

ABCG2 in reducing the potency of PF-4989216 in cancer cells and the need for 

developing a drug combination strategy to overcome multidrug resistance in cancer 

therapy. Taking into account that ABCG2 negatively affects the distribution and oral 

bioavailability of a wide variety of therapeutic drugs 60, it remains to be determined 

whether the overall absorption and distribution of PF-4989216 could be altered by the 
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overexpression of ABCG2 at the intestinal walls and BBB. It is worth noting that we 

also demonstrated that PF-4989216 stimulates vanadate-sensitive ATPase activity of 

ABCG2. Since the stimulation of ABCG2 ATP hydrolysis is known to couple to 

substrate transport by ABCG2 47 and PF-4989216 stimulated the ATPase activity of 

ABCG2 in a similar manner as other well-established substrates 47, our data indicate 

that PF-4989216 is a transport substrate of ABCG2. 

 

 Numerous protein kinase inhibitors, including PI3K inhibitors, have been 

reported capable of reversing ABCG2-mediated drug resistance in MDR cancer 

cells20, 46, 50, 61-63 through direct inhibition of ABCG2 function 63, 64 or transient 

downregulation of ABCG2 expression 65, 66. For instance, the PI3K inhibitor 

LY294002 has been shown to competitively inhibit the function of ABCG2, and 

reverse MDR mediated by ABCG2 in a dose-dependent manner 63. For that reason, 

we investigated the effect of PF-4989216 on ABCG2-mediated drug transport and 

drug resistance, as well as ABCG2 protein expression in ABCG2-overexpressing cells. 

We discovered that PF-4989216 strongly inhibited ABCG2-mediated PhA efflux and 

the photoaffinity labeling of [125I]IAAP to ABCG2, confirming direct and competitive 

binding of PF-4989216 to the substrate-binding site(s) of ABCG2. However, we 

found that due to high toxicity, PF-4989216 failed to reverse ABCG2-mediated drug 

resistance at low, non-toxic concentrations, despite its ability to inhibit 

ABCG2-mediated efflux of fluorescent substrates in a short-term assay at higher 

concentrations. Moreover, we found that PF-4989216 had no significant effect on the 

protein expression of ABCG2 in cancer cells over a period of 72 hours. However, the 

clinical effect of prolonged treatment of cancer patients with PF-4989216 remains to 

be determined.  
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 In summary, the results of our study indicate that ABCG2 confers resistance to 

PF-4989216, reducing its intracellular concentration and ability to inhibit PAM 

signaling pathway to suppress cancer cell proliferation. Moreover, we found that by 

introducing a competitive inhibitor or drug substrate of ABCG2, the activity of 

PF-4989216 in ABCG2-overexpressing MDR cancer cells can be fully restored. Our 

results are consistent with published work showing that ABCG2 is known to reduce 

the bioavailability and efficacy of many molecularly targeted drugs 13, 15, 17, 20, 42, 67-69, 

and the overexpression of ABCG2 in cancer cells remains as a common mechanism of 

drug resistance. Thus, acquired resistance to PF-4989216 mediated by ABCG2 could 

have clinical implications for patients receiving this drug treatment for cancer, and 

should be further investigated. 
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FIGURE LEGENDS 

 

Figure 1. The cytotoxic effect of PF-4989216 in cancer cells is reduced by the 

overexpression of human ABCG2 protein. The cytotoxicity of PF-4989216 in (A) 

human colon carcinoma S1 cell line (○) and ABCG2-overexpressing subline 

S1-M1-80 (●); (B) human breast carcinoma MCF-7 (○) and ABCG2-overexpressing 

sublines MCF7-FLV1000 (●) and MCF7-AdVp3000 (■); as well as in (C) parental 

HEK293 (○) and ABCG2-tranfected R482-HEK293 (●) cells, was determined as 

described previously 20. The representative immunoblots of ABCG2 and tubulin as 

loading control are shown (inset). Points, mean from at least three independent 

experiments; bars, SEM. 

 

Figure 2. PF-4989216 inhibits PI3K signaling in S1 cancer cells and stimulates 

vanadate (Vi)-sensitive ABCG2 ATPase activity. (A) Drug-sensitive S1 and the 

ABCG2-overexpressing MDR subline S1-M1-80 were treated with DMSO (control), 

1 μM of PF-4989216 (PF-4989216 +), 2 μM of PF-4989216 (PF-4989216 ++) or 10 

μM of GDC-0980 in the absence or presence of 1 μM of Ko 143 as indicated for 2 h 

before processed for immunoblotting. Human EGF (50 ng/mL) was added to the 

culture medium for 5 min to stimulate phosphorylation. GDC-0980 is a dual 

PI3K/mTOR inhibitor used here as a control, whereas Ko 143 is a reference inhibitor 

of ABCG2 used here to inhibit the function of ABCG2. (B) Western blot 

quantification of relative levels of Akt and S6 ribosomal protein phosphorylation in 

S1 (open bars) and S1-M1-80 (closed bars) cells. Representative Western blots are 

shown and values are presented as mean ± S.D. calculated from more than three 

independent experiments. *P < 0.05; **P < 0.01 ; ***P < 0.001, versus the same 

treatment in parental cells or in the presence of Ko143. (C) Crude membrane protein 
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(50 - 100 µg protein/mL) from High-Five insect cells expressing ABCG2 was 

incubated at 37°C with 0 - 50 µM and 0 - 1 µM of PF-4989216 (inset) in the presence 

or absence of vanadate. The ABCG2 ATPase activity was measured as described 

previously 31.  

 

Figure 3. Effect of PF-4989216 on the transport function of ABCG2. The 

accumulation of fluorescent pheophorbide A (PhA) in drug-sensitive S1 (A, left panel) 

and ABCG2-overexpressing S1-M1-80 (A, right panel); drug-sensitive MCF7 (B, left 

panel) and ABCG2-overexpressing MCF7-FLV1000 (B, right panel); drug-sensitive 

human non-small lung carcinoma H460 (C, left panel) and ABCG2-overexpressing 

H460-MX20 MDR (C, right panel) cell lines; or parental HEK293 (D, left panel) and 

ABCG2-transfected R482-HEK293 cells (D, right panel), were measured in the 

absence (solid lines) or presence of 40 μM PF-4989216 (shaded, solid lines) or 1 μM 

ABCG2 reference inhibitor Ko143 (dotted lines), and analyzed immediately by flow 

cytometry. Representative histograms of three independent experiments are shown. 

 

Figure 4. Effect of PF-4989216 on photoaffinity labeling of ABCG2 with [125I]IAAP 

and protein expression of ABCG2. (A) Membrane vesicles (500 µg protein/mL) from 

MCF7-FLV1000 cells expressing ABCG2 was incubated in the presence or absence of 

10 µM of PF-4989216 at 21°C in 50 µmol/L Tris-HCL (pH 7.5) and 150 mM NaCl. 

[125I]IAAP (2,200 Ci/mmol) at 3 to 6 nmol/L was added to the samples and incubated 

for 5 min under subdued light before illuminated with an UV lamp (365 nm) for 10 

min at room temperature. The labeled ABCG2 was immunoprecipitated with BXP-21 

antibody and visualized as described previously 31. (B) Immunoblot detection of 

human ABCG2 (upper panel) and quantification (lower panel) of total lysate protein 

(10 µg) from drug-sensitive S1 and drug-resistant S1-M1-80 cells treated with 
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increasing concentrations (0 - 3 μM) of PF-4989216 for 72 h as indicated. α-Tubulin 

was used as loading control. Representative autoradiogram and values represent mean 

± S.D. calculated from three independent experiments.  
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Table 1. Cytotoxicity of PF-4989216 in drug-sensitive parental and respective 

MDR cell lines 

Cell line Cancer origin Transporter 

overexpressed 

IC50 (μM)a RFb 

KB-3-1 epidermal - 4.37 ± 0.51 1 

KB-V-1 epidermal ABCB1 3.07 ± 0.44 1 

OVCAR-8 ovarian - 15.28 ± 5.55 1 

NCI-ADR-RES ovarian ABCB1 17.52 ± 3.62 1 

NIH3T3 - - 1.35 ± 0.18 1 

NIH3T3-G185 - ABCB1 1.33 ± 0.18 1 

S1 colon - 1.11 ± 0.09 1 

S1-M1-80 colon ABCG2 6.79 ± 1.00***c 6 

H460 lung - 0.93 ± 0.11 1 

H460-MX20 lung ABCG2 4.03 ± 0.51*** 4 

MCF7 breast - 2.30 ± 0.68 1 

MCF7-FLV1000 breast ABCG2 23.26 ± 2.94*** 10 

MCF7-AdVp3000 breast ABCG2 62.57 ± 5.46*** 27 

pcDNA-HEK293 - - 0.44 ± 0.05 1 

MDR19-HEK293 - ABCB1 0.38 ± 0.06 1 

R482-HEK293 - ABCG2 5.05 ± 0.89*** 11 

Abbreviation: RF, resistance factor. a IC50 values are mean ± SD calculated from 

dose-response curves obtained from three independent experiments using cytotoxicity 

assay as described in Experimental section. b RF values were calculated by dividing 

IC50 values of ABC transporter overexpressing cells by IC50 values of respective 

parental cells. c*P < 0.05; **P < 0.01 ; ***P < 0.001. 
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Table 2. Reference inhibitor and competitive substrate of ABCG2 restore 

sensitivity of PF-4989216 to ABCG2-overexpressing cell lines 

Cell line  IC50 (μM)a  

 PF-4989216 PF-4989216 +  

Ko143 (1 μM) 

PF-4989216 +  

lapatinib (0.3 μM) 

S1 1.11 ± 0.09 1.62 ± 0.11 0.96 ± 0.11 

S1-M1-80 6.79 ± 1.00  2.36 ± 0.49**b 1.56 ± 0.25*** 

H460 0.93 ± 0.11 1.04 ± 0.18 0.86 ± 0.11 

H460-MX20 4.03 ± 0.51 1.12 ± 0.22*** 1.20 ± 0.16*** 

pcDNA-HEK293 0.44 ± 0.05 0.40 ± 0.09 0.41 ± 0.07 

R482-HEK293 5.05 ± 0.89  0.82 ± 0.17*** 2.26 ± 0.50** 

Abbreviation: N.D, not determined. aIC50 values are mean ± SD of PF-4989216 in the 

presence and absence of a reference inhibitor of ABCG2. The IC50 values were 

calculated from dose-response curves obtained from at least three independent 

experiments. b*P < 0.05; **P < 0.01 ; ***P < 0.001.  
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Table 3. Effect of PF-4989216 on ABCG2-mediated mitoxantrone resistance in 

ABCG2-overexpressing S1-M1-80 cells and ABCG2-transfected R482-HEK293 

cells  

Drug Concentration 

(nM) 

IC50
a (FR)b 

  S1 

(nM) 

S1-M1-80 

(μM) 

Mitoxantrone - 5.05 ± 1.13 (1.0) 68.37 ± 3.01 (1.0) 

+ PF-4989216 100 4.21 ± 0.87 (1.2) 73.97 ± 4.15 (1.0) 

+ PF-4989216 200 3.67 ± 0.92 (1.4) 79.19 ± 7.12 (0.9) 

+ Ko143 1000 4.76 ± 1.15 (1.0) 0.29 ± 0.06***c (235.8) 

  pcDNA-HEK293 

(nM) 

R482-HEK293 

(nM) 

Mitoxantrone - 1.34 ± 0.20 (1.0) 112.78 ± 15.94 (1.0) 

+ PF-4989216 100 1.51 ± 0.26 (0.9) 69.01 ± 14.41* (1.6) 

+ PF-4989216 200 1.19 ± 0.23 (1.1) 69.61 ± 12.02* (1.6) 

+ Ko143 1000 1.38 ± 0.23 (1.0) 10.27 ± 2.17*** (11.0) 

Abbreviation: FR, fold-reversal. aIC50 values are mean ± SD calculated from 

dose-response curves obtained from three independent experiments using cytotoxicity 

assay as described in Experimental section. bFR values were obtained by dividing IC50 

values of cells treated with a particular anticancer drug in the absence of an inhibitor 

by IC50 values of cells treated with the same anticancer drug in the presence of an 

inhibitor. c*P < 0.05; **P < 0.01 ; ***P < 0.001. 
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Wu et al., Figure 4 
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