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ABSTRACT 


The overexpression of the serine/threonine specific polo-like kinase 1 (Plk1) is associated with poor prognosis in many types of cancer. Consequently, Plk1 has emerged as a valid therapeutic target for anticancer drug design. Volasertib is a potent inhibitor of Plk1 that inhibits the proliferation of multiple human cancer cell lines by promoting cell cycle arrest at nanomolar concentrations. However, the risk of developing drug resistance, which is often associated with the overexpression of the ATP-binding cassette (ABC) transporter ABCB1 (P-glycoprotein), can present a therapeutic challenge for volasertib and many other therapeutic drugs. Although volasertib is highly effective against the proliferation of numerous cancer cell lines, we found that the overexpression of ABCB1 in cancer cells leads to cellular resistance to volasertib and reduces the level of volasertib-stimulated G2/M cell cycle arrest and subsequent onset of apoptosis. Furthermore, we demonstrate that volasertib competitively inhibits the function of ABCB1 and stimulates the basal ATPase activity of ABCB1 in a concentration-dependent manner, which is consistent with substrate transport by ABCB1. More importantly, we discovered that the co-administration of an inhibitor or drug substrate of ABCB1 restored the anticancer activity of volasertib in ABCB1-overexpressing cancer cells. In conclusion, the results of our study reveal that ABCB1 negatively affects the efficacy of volasertib and supports its combination with a modulator of ABCB1 to improve clinical responses.

INTRODUCTION


Polo-like kinase 1 (Plk1) is a serine/threonine protein kinase that plays a crucial role in various aspects that regulate mitosis,12
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 and is associated with poor prognosis and survival.HYPERLINK \l "_ENREF_8" \o "Holtrich, 1994 #223" 
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 Plk1 is reportedly overexpressed in numerous types of cancerHYPERLINK \l "_ENREF_7" \o "Sumara, 2004 #76" 
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 and bipolar spindle formation.
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 centrosome maturation
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 mitotic exit,HYPERLINK \l "_ENREF_4" \o "Toyoshima-Morimoto, 2001 #75" 
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 such as mitotic entry, HYPERLINK \l "_ENREF_1" \o "Petronczki, 2008 #66" 
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 Studies demonstrate that Plk1 inhibition induces significant cell cycle arrest, apoptosis and eventual cancer cell death,6


 ADDIN EN.CITE , 14, 15
 prompting the development of potent and selective Plk1 inhibitors as a new therapeutic option for cancer.10
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 BI 2536 is the first small-molecule inhibitor of Plk1 developed. This compound inhibits cancer cell proliferation by promoting cell cycle arrest and apoptosis in numerous cancer types. HYPERLINK \l "_ENREF_16" \o "Yim, 2013 #197" 
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 Unfortunately, phase II trials of BI 2536 revealed unfavorable pharmacological properties that limit BI 2536 from further clinical development.

Volasertib (BI 6727) is a Plk1 inhibitor that has been improved by modifying the structure of BI 2536 to enhance Plk1 inhibition. This agent limits cancer cell proliferation by inducing significant mitotic arrest and apoptosis in cancer cells.10
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 Preclinical studies demonstrated that volasertib is effective against neuroblastoma tumor-initiating cells,29


28

 glioblastoma
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 Recent preclinical data suggest that volasertib is an effective treatment for bladder cancer,HYPERLINK \l "_ENREF_24" \o "Rudolph, 2009 #51" 
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 Volasertib exhibits a high volume of distribution, long terminal half-life and good antitumor activity in multiple cancer models, with half maximal effective concentration (EC50) values ranging from 10 to 40 nM. Volasertib has also been demonstrated to possess encouraging anticancer activity in multiple xenograft and animal models.HYPERLINK \l "_ENREF_27" \o "Wissing, 2013 #186" 
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 and exerts a synergistic antitumor effect with histone deacetylase inhibitors in combination therapy.HYPERLINK \l "_ENREF_26" \o "Krause, 2013 #188" 
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 improves local tumor control when applied simultaneously to fractionated irradiation, HYPERLINK \l "_ENREF_25" \o "Grinshtein, 2011 #185" 
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 and acute myeloid leukemia (AML)16
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 or advanced solid tumors.HYPERLINK \l "_ENREF_33" \o "Lin, 2014 #220" 
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 More importantly, volasertib exhibited promising antitumor activity and pharmacological profiles in its Phase I and II studies, especially in patients with AMLHYPERLINK \l "_ENREF_32" \o "Rudolph, 2015 #218" 
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 either as a single agent or in combination with other established AML drugs. HYPERLINK \l "_ENREF_31" \o "Munch, 2015 #222" 
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One of the most common mechanisms for the development of multidrug resistance (MDR) in cancer cells and a major obstacle in chemotherapy is the overexpression of ATP-binding cassette (ABC) drug transporter ABCB1 (Pgp; P-glycoprotein).37
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 Human ABCB1 is the first identified member of the mammalian ABC protein family that can recognize a diverse range of therapeutic agents and utilize ATP hydrolysis to actively transport drug substrates out of cancer cells, thus leading to MDR, cancer relapse and death.38
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 Moreover, ABCB1 is highly expressed at several sites, such as the blood-brain barrier (BBB), liver and intestinal walls; thus, this transporter significantly contributes to the oral bioavailability and distribution of therapeutic drugs.40
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 In addition to conventional anticancer agents, ABCB1 interacts with many newly developed small-molecule kinase inhibitors, reducing the bioavailability and overall effectiveness of these targeted anticancer agents.

Previously, we discovered that the effectiveness of BI 2536, the first-generation selective inhibitor of Plk1, is significantly reduced in cells overexpressing human ABCB1.
EXPERIMENTAL SECTION 
Chemicals. 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 under Life Technologies (Grand Island, NY, USA). MTT dye, Cell Counting Kit-8 (CCK-8) and all other chemicals were purchased from Sigma (St. Louis, MO, USA) unless stated otherwise. Tariquidar was a generous gift from Dr. Susan Bates (National Cancer Institute, NIH, Bethesda, MD, USA). Volasertib (99% purity by HPLC, Chiral HPLC) was purchased from ChemieTek (Indianapolis, IN, USA).
Cell Lines and Culture Conditions. KB-3-1, KB-C-1, KB-V-1, OVCAR-8, NCI-ADR-RES, NIH3T3, NIH3T3-G185, pcDNA3.1-HEK293 and MDR19-HEK293 cells were cultured in DMEM supplemented with 10% FCS, 2 mM L-glutamine and 100 units of penicillin/streptomycin/mL. KB-V-1 cells were maintained in media containing 1 µg/µL vinblastine.49

 NIH3T3-G185 cells were maintained in the presence of 60 ng/mL colchicine.
Cytotoxicity Assay. MTT and CCK-8 assays were used to determine the general sensitivities of cells to the tested chemicals, as described previously.
Cell Cycle Analysis and Apoptosis Assay. Cell-cycle experiments were performed using a standard propidium iodide (PI) staining method, and the cells were analyzed using a FACSort flow cytometer equipped with the CellQuest software. Briefly, cells were treated with the indicated regimens for 24 hrs before being harvested in PBS and fixed in ethanol overnight. The cells were washed once with PBS then treated with 0.5% TritonX-100 and 0.05% RNase in PBS at 37 °C for 1 hr. The cells were washed again, and they were then incubated with PI (50 μg/mL) at 4 °C for 20 min prior to analysis. To determine the percentage of apoptotic cells, the cells were treated with the indicated regimens for 48 hrs before harvest, centrifuged and resuspended in FACS buffer containing 1.25 µg/mL annexin V–FITC (PharMingen) and 0.1 mg/mL PI. The cells were incubated in this buffer for 15 min at room temperature. The labeled cells (10,000 per sample) were then analyzed by FACScan (BD Biosciences) using the CellQuest software. Cells in the lower right dot-plot quadrant (PS-positive and PI-negative cells) were considered apoptotic and have intact plasma membranes, whereas cells in the upper right dot-plot quadrant (PS-positive and PI-positive cells) have leaky membranes and were considered either necrotic or late apoptotic.
ATPase Assay of ABCB1. The vanadate (Vi)-sensitive ABCB1-specific ATPase activities were recorded using the Pgp-Glo assay system (Promega, WI, USA) according to the manufacturer's instructions.51

47

 The drug-stimulated ATPase activity of ABCB1 was determined based on endpoint Pi assay as described previously.
Fluorescent Drug Accumulation Assay. The ABCB1-mediated efflux assay was performed using a FACSort flow cytometer equipped with CellQuest software (Becton-Dickinson) as described previously.
Immunoblotting. Antibodies C219 (1:1000) and α-tubulin (1:2000) were used to detect ABCB1 and tubulin, respectively. The latter served as a positive control for Western blotting. The horseradish peroxidase-conjugated goat anti-mouse IgG antibody (1:10,000) was used as the secondary antibody. The signals were detected as described previously.53

 
Statistical Analysis. Data are presented as the mean ± standard error of the mean (SEM), whereas the half maximal inhibitory concentration (IC50) values are the calculated mean ± standard deviation (SD) from at least three independent experiments. Differences between mean values were analyzed using two-sided Student’s t-tests and were considered significant at P < 0.05. 

RESULTS

The Cytotoxicity of Volasertib Is Significantly Reduced in ABCB1 Overexpressing Cells. First, we examined the effect of ABCB1 on the efficacy of volasertib by comparing the cytotoxicity of volasertib in drug-sensitive and ABCB1-overexpressing drug-resistant cell lines. The results of this experiment are summarized in Table 1, and the resistance factor (RF) value represents the degree of resistance to volasertib caused by the presence of ABCB1, which was calculated by dividing the IC50 value of the ABCB1-overexpressing sub-line by the IC50 value of the respective parental line. The ABCB1-overexpressing human epidermal KB-C-1 and KB-V-1 cells were significantly less sensitive to volasertib compared with parental KB-3-1 cells (RF values of 4, P < 0.001 and 160, P < 0.001, respectively) (Fig. 1A, Table 1). Similarly, the ABCB1-overexpressing human ovary NCI-ADR-RES cells were significantly more resistant to volasertib than the parental OVCAR-8 cells (RF value of 31, P < 0.01). We further confirmed our findings by examining the cytotoxicity of volasertib in cells transfected with human ABCB1 protein. We found that ABCB1-transfected human embryonic kidney MDR19-HEK293 cells (Fig. 1B) and ABCB1-transfected mouse fibroblast NIH3T3-G185 cells were both significantly less sensitive to volasertib compared with their respective parent cells (Table 1).
The G2/M Cell Cycle Arrest, Apoptosis and Cytotoxicity Induced by Volasertib in ABCB1-Overexpressing Cells Can Be Restored by Inhibiting the Function of ABCB1. Next, we determined the impact of ABCB1 function on volasertib-induced G2/M arrest and apoptosis in KB-V-1 cells given that G2/M cell cycle arrest is a hallmark of Plk1 inhibitors2


 ADDIN EN.CITE , 19, 24
 and that KB-V-1 cells are highly resistant to volasertib (Table 1). We observed substantial G2/M cell cycle arrest induced by volasertib in KB-3-1 cells (Fig. 2B, upper left panel) but not in ABCB1-overexpressing KB-V-1 cells (Fig. 2B, lower left panel). The exposure of cells to 10 nM volasertib for 24 hrs resulted in a considerable increase in G2/M phase arrest in KB-3-1 cells from a basal level of 11% to approximately 81% after treatment. In contrast, the increase in G2/M phase arrest in KB-V-1 cells was small from a basal level of 12% to only 17% after treatment. Although the ABCB1 inhibitor tariquidar (1 µM) and ABCB1 drug substrate nilotinib (5 μM) each did not affect cell cycle arrest in KB cancer cells when applied individually (Fig. 2A), these agents substantially increased G2/M cell cycle arrest in KB-V-1 cells when the function of ABCB1 was blocked (Fig. 2B, lower panels) from a basal level of 12% to approximately 81% and 56%, respectively. The overall effects of volasertib, tariquidar and nilotinib on the phases of the cell cycle in KB cells are summarized in Table 2.


We next examined the level of apoptosis induced by volasertib in KB cancer cell lines in the presence or absence of tariquidar and nilotinib. In the absence of volasertib, the basal level of apoptosis was approximately 13% in both cell lines (Fig. 3A). When treated with volasertib (20 nM), the percentage of apoptotic cells significantly increased in KB-3-1 cells, from 13 to 78% (Fig. 3B, upper left panel). This effect was considerably less pronounced in KB-V-1 cells; the percentage of apoptotic cells increased from 13 to 21% (Fig. 3B, lower left panel). However, when the function of ABCB1 in ABCB1-overexpressing KB-V-1 cells was inhibited by tariquidar (1 μM) (Fig. 3B, lower middle panel) or nilotinib (5 μM) (Fig. 3B, lower right panel), the level of apoptosis induced by volasertib dramatically increased to approximately 89 and 85%, respectively. Moreover, we found that the sensitivity of KB-V-1 to volasertib can be significantly restored by tariquidar and nilotinib in the same manner, from an RF value of 160 to values of 2 and 14, respectively (Table 3). Our findings were confirmed with ABCB1-transfected MDR19-HEK293 cells as both tariquidar and nilotinib were able to restore volasertib sensitivity from an RF value of 34 to values of 1 and 11, respectively (Table 3).
Volasertib Stimulates ABCB1 ATPase Activity. Because ABCB1 substrates are known to stimulate Vi-sensitive ABCB1 ATPase activity,47


51

 we next examined the effect of volasertib on ABCB1-mediated ATP hydrolysis, as described in the Experimental Section. Volasertib stimulated Vi-sensitive ABCB1 ATPase activity in a concentration-dependent manner with a maximum stimulation of approximately 3-fold and a concentration of approximately 100 nM required for 50% simulation (Fig. 4). These results demonstrate that volasertib stimulates ABCB1 ATP hydrolysis in the same manner as other well-established substrates., 54, 55

Volasertib Inhibits the Transport Function of ABCB1 But Does Not Reverse ABCB1-Mediated Drug Resistance in Cancer Cells at Non-Toxic Concentrations. To determine whether volasertib interacts with ABCB1, we examined the mechanism by which volasertib directly affects the function of ABCB1 by evaluating the ability of volasertib to inhibit the ABCB1-mediated efflux of calcein-AM, an established fluorescent substrate of ABCB1,

Next, we evaluated the ability of volasertib to restore drug sensitivity in human KB-V-1 epidermal cancer cells. Some drug substrates of ABCB1 reverse drug resistance in cells overexpressing ABCB1 by competing with the transport of another drug substrate.55
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 The maximum concentrations of volasertib (1 nM and 2 nM) were selected based on the cytotoxicity curve (Fig. 1A), and the ability of volasertib to reverse ABCB1-mediated drug resistance in KB-V-1 cells is summarized in Table 4. Tariquidar (1 μM) was used as a positive control to reverse ABCB1-mediated drug resistance. The R.R. value was calculated by dividing the IC50 value of ABCB1-overexpressing KB-V-1 cells by the IC50 value of the parental KB-3-1 cells in the presence of a test drug. Our results indicated that volasertib did not significantly affect ABCB1-mediated resistance to doxorubicin, colchicine or paclitaxel at the tested concentrations. 

Volasertib Did Not Significantly Affect ABCB1 Protein Expression. Given that ABCB1 expression depends on the cell cycle
DISCUSSION


The development of MDR due to the overexpression of ABCB1 has been a major problem in medical oncology for decades.


41
 Furthermore, numerous studies indicate that the overexpression of ABCB1 reduces the bioavailability and efficacy of various tyrosine kinase inhibitors,42
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 including some recently developed Plk1 inhibitors.45
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 Given that Plk1 is overexpressed in numerous tumor types and its inhibition leads to the induction of G2/M cell cycle arrest, the subsequent onset of apoptosis and eventual cell death has sparked growing interest in developing new agents that selectively inhibit the activity of Plk1.9
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 Volasertib is a second-generation Plk1 inhibitor that specifically blocks Plk1 activity and inhibits the proliferation of cancer cells at nanomolar concentrations.10
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 Moreover, the favorable pharmacological and safety profile of volasertib identified in clinical trials make it a true candidate for cancer drug development.16
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 Because the overexpression of human ABCB1 in cancer cells leads to significant resistance to BI 2536, the first identified selective inhibitor of Plk1,

We herein demonstrate that volasertib is highly cytotoxic to cancer cells, with IC50 values in the nanomolar range, which is consistent with previous reports.10
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 However, we found that the overexpression of ABCB1 or transfection with human ABCB1 confers significant resistance to volasertib in cancer cells (Fig. 1). ABCB1 expression has been extensively characterized in the cell lines used in this study, and ABCB1 is only overexpressed in MDR cell lines (Table 1). Notably, the KB-C-1 and KB-V-1 cell lines are both MDR sub-lines of the drug-sensitive human KB-3-1 cell line and exhibit increased ABCB1 protein expression. Because KB-C-1 cells were more sensitive to volasertib than KB-V-1 cells, the cellular sensitivity of human epidermal cancer cells to volasertib likely inversely correlates with the expression level of ABCB1 (Table 1). Furthermore, we revealed that the volasertib resistance in ABCB1-overexpressing cells is attributed to reduced G2/M cell cycle arrest and subsequent apoptosis induced by volasertib. The induction of G2/M arrest is a hallmark of Plk1 inhibitors.2
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 Our data demonstrate that the G2/M cell cycle arrest and apoptosis induced by volasertib were significantly reduced in ABCB1-overexpressing KB-V-1 cells compared with ABCB1-negative KB-3-1 cells. More importantly, volasertib sensitivity was restored to ABCB1-overexpressing cells upon treatment with a competitive inhibitor or a drug substrate of ABCB1 given that ABCB1-mediated drug resistance in cancer cells is often reversed by inhibiting ABCB1 function.55
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 We found that inhibiting the function of ABCB1 with tariquidar or nilotinib completely reversed volasertib-induced G2/M arrest and subsequent apoptosis in drug-resistant KB-V-1 cells without affecting the state of the cell cycle or apoptosis in drug-sensitive KB-3-1 cells (Fig. 2 and 3). Notably, combining volasertib with either tariquidar or nilotinib appears to produce an even more pronounced increase in late apoptosis in KB-V-1 cells compared with KB-3-1 cells (Fig. 3B). Moreover, in accordance with cell cycle and apoptosis data, ABCB1-mediated volasertib resistance in KB-V-1 cancer cells and ABCB1-transfected MDR19-HEK293 cells was significantly reversed by a non-toxic concentration of tariquidar or nilotinib (Table 3).


The combination of paclitaxel with volasertib has recently been shown to affect ABCB1-overexpressing cell lines in a synergistic manner.51


63

 Therefore, we investigated the effect of volasertib on the transport function and protein expression of ABCB1 as well as the ability of this drug to restore drug sensitivity in ABCB1-overexpressing KB-V-1 cells. The stimulation of ABCB1 ATPase activity is coupled with ABCB1-mediated substrate transport, whereas the inhibition of ATPase activity is associated with the presence of an inhibitor or substrate with a significantly reduced transport rate., 64, 65
 Therefore, we assessed the effect of volasertib on vanadate-sensitive ABCB1 ATPase activity. Volasertib rapidly stimulated ABCB1 basal ATPase activity in a concentration-dependent manner, supporting the notion that volasertib is a substrate of ABCB1 (Fig. 4). In contrast, To et al. reported that volasertib inhibited the ABCB1 basal ATPase activity in a concentration-dependent manner. Given that the concentrations tested by To et al. (20 μM to 10 mM) significantly exceeded our tested concentrations and pharmacologically relevant concentrations of volasertib,56


63

 the discrepancy between these studies is not easily reconciled. Next, we examined the effect of volasertib on ABCB1-mediated transport and drug resistance. A maximum concentration of 2 nM volasertib was used to reverse ABCB1-mediated resistance to doxorubicin, colchicine and paclitaxel in human KB cells. Although low concentrations of volasertib competitively inhibit ABCB1-mediated transport (Fig. 5), these concentrations were insufficient to reverse ABCB1-mediated drug resistance (Table 4) or alter the expression of ABCB1 (Fig. 6) in human KB cancer cells, as reported for other ABCB1-interacting drugs., 58-60
 We suspect that the lack of effect of volasertib on ABCB1-mediated drug resistance is due to the highly cytotoxic nature of volasertib and the high level of resistance conferred by ABCB1. These findings do not warrant further testing of volasertib as an MDR-reversing agent. 


In summary, the function of ABCB1 significantly reduced the efficacy of volasertib. ABCB1-overexpressing cells are resistant to volasertib-induced G2/M cell cycle arrest, subsequent apoptosis and cell death. ABCB1 is an important factor in drug disposition and in MDR. Our data indicate that volasertib treatment will likely be less effective against cancer cells that express high levels of ABCB1, and the effect of ABCB1 on the oral pharmacokinetics or tissue distribution of volasertib in vivo remains to be determined. Moreover, although the transient inhibition of ABCB1 appeared to reverse ABCB1-mediated resistance to volasertib in ABCB1-overexpressing cancer cells, this strategy has demonstrated limited success in clinical trials. Therefore, in addition to combining volasertib with a competitive inhibitor or drug substrate of ABCB1, other novel treatment strategies merit further investigation.
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FIGURE LEGENDS
Figure 1. The cytotoxicity of volasertib is reduced in cells overexpressing human ABCB1 protein. The cytotoxicity of volasertib in (A) sensitive human epidermal KB-3-1 cells (○) and the ABCB1-overexpressing sub-line KB-V-1 (●) as well as in (B) parental HEK293 (○) and ABCB1-tranfected MDR19-HEK293 (●) cells was determined as described previously.
Figure 2. Volasertib-induced G2/M cell cycle arrest is reduced in ABCB1-overexpressing cancer cells. Human KB-3-1 (top panels) and ABCB1-overexpressing KB-V-1 (lower panels) cells were plated and maintained in the absence or presence of volasertib alone or in combination with the ABCB1 inhibitor tariquidar or ABCB1 substrate nilotinib for 24 hrs before being harvested for cell-cycle analyses. (A) KB cells were treated with either DMSO (left panels), 1 µM tariquidar (middle panels), 5 µM nilotinib (right panels), (B) 10 nM volasertib (left panels), 10 nM volasertib and 1 µM tariquidar (middle panels) or 10 nM volasertib and 5 µM nilotinib (right panels). Representative histograms of three independent experiments are presented. 
Figure 3. Volasertib-induced apoptosis is reduced in ABCB1-overexpressing cancer cells. KB-3-1 (top panels) and KB-V-1 (lower panels) cells were isolated 48 hrs after treatment with either (A) DMSO (left panels), 1 µM tariquidar (middle panels), 5 µM nilotinib (right panels), (B) 20 nM volasertib (left panels), 20 nM volasertib and 1 µM tariquidar (middle panels) or 20 nM volasertib and 5 µM nilotinib (right panels). Apoptotic cells were quantified by flow cytometry as described previously.47

 Representative diagrams and the mean values of three independent experiments are presented.

Figure 4. Volasertib stimulates Vi-sensitive ABCB1 ATP hydrolysis consistent with transport by ABCB1. The effect of 0 to 20 µM and 0 to 2 µM (inset) volasertib on Vi-sensitive ABCB1 ATPase activity was measured as described previously.47

 Points indicate the mean of at least three independent experiments; bars indicate the SEM.

Figure 5. Volasertib inhibits the ABCB1-mediated efflux of calcein-AM. The accumulation of fluorescent calcein in (A) parental KB-3-1 (left panel) and KB-V-1 (right panel) cells as well as in (B) parental HEK293 (left panel) and ABCB1-transfected MDR19-HEK293 (right panel) cells in the presence (shaded, solid lines) or absence (solid lines) of 10 μM volasertib or 3 μM tariquidar (dotted lines) was measured by flow cytometry as described in the Experimental Section. Representative histograms of three independent experiments are shown. (C) The concentration-dependent inhibition of ABCB1-mediated calcein-AM efflux by volasertib in KB-V-1 cells was also determined. Data points represent the mean ± SEM from at least three independent experiments. The IC50 value was calculated based on the concentration that inhibited the efflux to 50% of the control values.
Figure 6. The effect of volasertib on ABCB1 protein expression in human KB epidermal cancer cells. (A) Human ABCB1 immunoblot detection and (B) quantification of total lysate protein (10 µg) from KB-V-1 cells treated with increasing concentrations of volasertib for 72 hrs as described previously.47

 α-tubulin was used as an internal control for equal loading. Values are presented as the mean ± SD calculated from three independent experiments.
Table 1. Sensitivity of Various Cell Lines to the Plk1 Inhibitor Volasertib.
	Cell line
	Cancer origin
	Transporter expressed
	Volasertib

IC50 (nM) †
	RF‡

	KB-3-1
	epidermal
	-
	1.5 ± 0.3
	1

	KB-C-1
	epidermal
	ABCB1
	6.5 ± 1.2**
	4

	KB-V-1
	epidermal
	ABCB1
	241.6 ± 38.6***
	161

	OVCAR-8
	ovary
	-
	15.3 ± 3.0
	1

	NCI-ADR-RES
	ovary
	ABCB1
	477.0 ± 129.5**
	31

	NIH3T3
	-
	-
	20.6 ± 3.3
	1

	NIH3T3-G185
	-
	ABCB1
	465.4 ± 132.9**
	23

	pcDNA-HEK293
	-
	-
	2.8 ± 0.8
	1

	MDR19-HEK293
	-
	ABCB1
	93.1 ± 12.3***
	33


† IC50 values are mean ± SD calculated from dose-response curves obtained from at least three independent experiments using a cytotoxicity assay as described in the Experimental Section. * P < 0.05; ** P < 0.01; *** P < 0.001. ‡RF: resistance factors were calculated by dividing the IC50 values of ABCB1-expressing sub-line cells by the IC50 values of respective parental cells.

Table 2. Cell Cycle Distribution. 
	
	Cell cycle phase

	
	G1 (%)
	S (%)
	G2/M (%)

	KB-3-1
	
	
	

	Control
	60.3 ± 4.8
	28.4 ± 3.4
	11.3 ± 1.8

	+ Tariquidar
	65.3 ± 2.8
	23.8 ± 2.4
	11.0 ± 0.9

	+ Nilotinib
	69.7 ± 6.0
	20.3 ± 5.6
	10.1 ± 0.8

	+ Volasertib
	5.5 ± 2.3
	13.1 ± 4.3
	81.4 ± 6.3

	+ Volasertib + tariquidar
	3.2 ± 1.6
	10.7 ± 3.0
	86.2 ± 4.6

	+ Volasertib + nilotinib
	8.3 ± 4.6
	18.2 ± 2.0
	73.5 ± 6.6

	KB-V-1
	
	
	

	Control
	62.8 ± 3.8
	24.5 ± 2.0
	12.7 ± 2.2

	+ Tariquidar
	65.8 ± 3.9
	24.1 ± 3.3
	10.2 ± 0.9

	+ Nilotinib
	65.5 ± 2.7
	23.9 ± 2.5
	10.6 ± 1.1

	+ Volasertib
	57.5 ± 1.0
	25.6 ± 3.3
	16.9 ± 2.5

	+ Volasertib + tariquidar
	4.0 ± 1.1
	15.0 ± 3.5
	80.5 ± 3.9

	+ Volasertib + nilotinib
	15.6 ± 1.0
	28.1 ± 2.7
	56.4 ± 2.9


The values are mean ± SD calculated from three independent experiments.

Table 3. Effect of ABCB1 Modulators on the Chemosensitivity of Volasertib in ABCB1-Overexpressing Cell Lines.
	Cell line
	Transporter

overexpressed
	
	IC50 (nM) †
	

	
	
	Volasertib
	Volasertib 

+ tariquidar

(1 μM)
	Volasertib 

+ nilotinib

(0.5 μM)

	KB-3-1
	-
	1.5 ± 0.3
	1.9 ± 0.4
	2.4 ± 0.6

	KB-V-1
	ABCB1
	241.6 ± 38.6
	2.9 ± 0.5***
	32.5 ± 8.7***

	HEK293
	-
	2.8 ± 0.8
	1.1 ± 0.3*
	1.6± 0.4

	MDR19
	ABCB1
	93.1 ± 12.3
	1.5 ± 0.5***
	19.2 ± 3.5***


† IC50 values are the mean ± SD calculated from dose-response curves obtained from at least three independent experiments using a cytotoxicity assay as described in the Experimental Section. * P < 0.05; ** P < 0.01; *** P < 0.001

Table 4. Chemosensitizing Effect of Volasertib on ABCB1-Mediated Drug Resistance in KB Human Epidermal Carcinoma Cells.
	Treatment
	Concentration (nM)
	IC50 (nM) †

	
	
	KB-3-1
	KB-V-1 

	Doxorubicin
	-
	62.6 ± 20.6 (1) ‡
	2721.3 ± 228.7 (44)

	+ Volasertib
	1
	86.1 ± 25.6 (1)
	2928.5 ± 325.5 (47)

	+ Volasertib
	2
	51.2 ± 16.3 (1)
	3046.8 ± 575.1 (49)

	+ Tariquidar
	1000
	49.4 ± 13.4 (1)
	66.6 ± 10.4 (1)***

	Colchicine
	-
	5.0 ± 2.0 (1)
	699.9 ± 64.4 (140)

	+ Volasertib
	1
	4.9 ± 2.0 (1)
	751.6 ± 92.2 (150)

	+ Volasertib
	2
	4.0 ± 1.4 (1)
	778.3 ± 93.9 (156)

	+ Tariquidar
	1000
	4.8 ± 1.7 (1)
	7.9 ± 1.9 (2)***

	Paclitaxel
	-
	2.9 ± 1.0 (1)
	1675.5 ± 135.7 (578)

	+ Volasertib
	1
	2.5 ± 0.8 (1)
	1916.6 ± 161.9 (661)

	+ Volasertib
	2
	1.6 ± 0.4 (1)
	1929.4 ± 168.1 (665)

	+ Tariquidar
	1000
	3.0 ± 0.9 (1)
	2.3 ± 0.6 (1)***


† IC50 values are the mean ± SD calculated from dose-response curves obtained from three independent experiments using a cytotoxicity assay as described in the Experimental Section. * P < 0.05; ** P < 0.01; *** P < 0.001. ‡R.R.: relative resistance values were calculated by dividing the IC50 values of ABCB1-expressing KB-V-1 cells by the IC50 values of parental KB-3-1 cells in the absence of volasertib or tariquidar.
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