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Abstract

The overexpression of the serine/threonine specific polo-like kinase 1 (Plk1) has been detected in
various types of cancer, and thus has fast become an attractive therapeutic target for cancer
therapy. BI 2536 is the first selective inhibitor of Plk1 that inhibits cancer cell proliferation by
promoting G2/M cell cycle arrest at nanomolar concentrations. Unfortunately, alike most
chemotherapeutic agents, the development of acquired resistance to Bl 2536 is prone to present a
significant therapeutic challenge. One of the most common mechanisms for acquired resistance in
cancer chemotherapy is associated with the overexpression of ATP-binding cassette (ABC)
transporters ABCB1, ABCC1 and ABCG2. Here, we discovered that overexpressing of either
ABCB1 or ABCG?2 is a novel mechanism of acquired resistance to Bl 2536 in human cancer cells.
Moreover, Bl 2536 stimulates the ATPase activity of both ABCB1 and ABCG2 in a
concentration-dependent manner, and inhibits the drug substrate transport mediated by these
transporters. More significantly, the reduced chemosensitivity and Bl 2536-mediated G2/M cell
cycle arrest in cancer cells overexpressing either ABCB1 or ABCG2 can be significantly restored
in the presence of selective inhibitor or other chemotherapeutic agents that also interact with
ABCB1 and ABCG2, such as tyrosine kinase inhibitors nilotinib and lapatinib. Taken together,
our findings indicate that in order to circumvent ABCB1 or ABCG2-mediated acquired resistance
to Bl 2536, a combined regimen of Bl 2536 and inhibitors or clinically active drugs that potently
inhibit the function of ABC drug transporters, should be considered as a potential treatment
strategy in the clinic.
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1. Introduction

Polo-like kinase 1 (PIk1) is a serine/threonine kinase that is known to regulate multiple key
steps of mitosis [1-3], including mitotic entry [4], centrosome maturation [5], formation of
the bipolar spindle [6], mitotic exit [7], and a target of the DNA damage checkpoint [8].
Overexpression of Plk1 has been detected in multiple human cancers and was found
associated with poor prognosis in various cancers [3], thus providing a rationale for PIk1 as
a valid target for anti-cancer treatment [3, 9, 10]. Small molecule Bl 2536 has been shown to
be highly effective against the activity of PIk1, causing significant cell cycle arrest and
apoptosis in many cancers, including Plk1-overexpressing acute myeloid leukemia (AML)
[11], chronic myeloid leukemia (CML) [12], triple-negative breast cancer (TNBC) [13],
cervical carcinoma [14], multiple myeloma [15] and inhibits the proliferation of
osteosarcoma cells [16], neuroblastoma cells [17], melanoma cells [18] and
medulloblastoma cells [19]. Therefore, several inhibitors targeting the PlIk1 pathway,
including BI 2536, have now entered clinical development [20-22].

In contrast to an overwhelming number of encouraging studies and reports on the anticancer
activity of Bl 2536, very little is known about the mechanisms of acquired resistance to Bl
2536 [23-25]. The development of multidrug resistance (MDR) remains as a major obstacle
in modern cancer chemotherapy. While multiple mechanisms are known to contribute, the
most common mechanism for acquired resistance in cancer chemotherapy is associated with
the overexpression of three major ATP-binding cassette (ABC) drug transporters ABCB1,
ABCC1 and ABCG2 [26, 27]. These transporters are capable of effluxing a wide range of
functionally and structurally unrelated anticancer agents directly out of cancer cells, causing
MDR, relapse and death [27]. In recent years, the efficacy of many therapeutic protein
kinase inhibitors, including nilotinib and vemurafenib, has been questioned due to the
emergence of MDR that is associated with the overexpression of ABC drug transporters in
cancers [28-30]. Therefore, it is crucial to study the pharmacological and biochemical
interactions between Bl 2536 and these three major ABC drug transporters, as well as
exploring the potential beneficial use of combined therapy of Bl 2536 and modulators of
ABC drug transporters.

In the present study, we discovered that the overexpression of human ABCB1 and ABCG2
proteins, but not ABCCL1, can lead to substantial acquired drug resistance to Bl 2536 in
cancer cells. We demonstrated that Bl 2536 potently inhibits efflux mediated by either
ABCB1 or ABCG2, and that Bl 2536 has higher affinity towards ABCB1 than ABCG2.
Moreover, the stimulation of ABCB1 and ABCG2 ATPase hydrolysis by Bl 2536 is
consistent with Bl 2536 being a transport substrate of both ABCB1 and ABCG2. In
addition, we showed that the chemosensitivity and Bl 2536-mediated G2/M cell cycle arrest
in ABCB1 and ABCG2-overexpressing MDR cancer cells can be restored significantly by
inhibiting the function of ABCB1 and ABCG2. Together, these results reveal a novel
resistance mechanism for PIk1 inhibitor BI 2536 in cancer cells, as well as provides a
rationale for investigating combination co-administration of Bl 2536 and modulators of
ABC drug transporters in cancer patients to increase the efficiency of chemotherapy.

2. Materials and methods

2.1. Cell cultures and compounds

KB-3-1, KB-8-5-11, KB-C-1, KB-V-1, OVCAR-8, NCI-ADR-RES, NIH3T3, NIH3T3-
G185, pcDNA3.1-HEK?293, R482-HEK?293, MDR19-HEK?293, MRP1-HEK?293, MCF7 and
MCF7-FLV1000 cells were cultured in DMEM (Gibco, Invitrogen, Carlsbad, CA, USA),
supplemented with 10 % fetal calf serum (FCS), 2 mM L-glutamine and 100 units of
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penicillin/streptomycin/mL at 37 °C in 5 % CO, humidified air. All HEK293 and HEK293
transfected lines were maintained in 2 mg/mL G418 [29]; MCF7-FLV1000 cells were
cultured in the presence of 1 yg/mL flavopiridol [31, 32], whereas 1 pg/uL vinblastine was
added to KB-V-1 cells [33]. CORL-23/P, CORL-23/R, S1 and S1-M1-80 cells were cultured
in RPMI-1640 (Gibco, Invitrogen, CA, USA), supplemented with 10 % FCS, 2 mM L-
glutamine and 100 units of penicillin/streptomycin/mL at 37 °C in 5 % CO, humidified air.
The CORL-23/R cells were maintained in the presence of 0.2 yg/mL of doxorubicin,
whereas S1-M1-80 cells were cultured in 80 uM of mitoxantrone as described previously
[29]. NIH3T3-G185 cells were maintained in the presence of 60 ng/mL colchicine [34].
Mitoxantrone, MTT dye, Cell Counting Kit-8 (CCK-8), doxorubicin and all other chemicals
were purchased from Sigma (St. Louis, MO, USA), unless stated otehrwise. Fumitremorgin
C (FTC) and tariquidar were generous gifts from Dr Susan Bates (National Cancer Institute,
NIH, Bethesda, MD). Bl 2536 (99% purity by HPLC, Chiral HPLC) was purchased from
ChemieTek (Indianapolis, IN, USA).

2.2. Cytotoxicity assay

CCK-8 and MTT assays were used to determine the general sensitivities of cells to the tested
chemicals as described previously [29].

2.3. Fluorescent drug accumulation assay

ABCB1 and ABCG2-mediated efflux assays were carried out using a FACSort flow
cytometer equipped with Cell Quest software (Becton-Dickinson) as described previously
[35]. The effect of BI 2536, tariquidar, MK-571 and FTC on ABCB1-mediated calcein-AM
efflux or ABCC1-mediated calcein efflux or ABCG2-mediated efflux of pheophorbide A
(PhA), was measured and analyzed as described previously [35].

2.4. ATPase assay of ABCB1 and ABCG2

ATPase activity of ABCB1 and ABCG2 in High-Five cell crude membranes was measured
by endpoint P; assay as described previously [36]. ABCB1- and ABCG2-specific ATPase
activities were recorded as vanadate (Vi)-sensitive ATPase activity as described previously
[36].

2.5. Immunoblotting

Antibodies C219 (1:1000), BXP-21 (1:500) and anti-a-tubulin (1:2000) were used to detect
ABCB1, ABCG2 and tubulin as positive control for Western blotting, respectively. The
secondary antibody used was the Horseradish peroxidase-conjugated goat anti-mouse 1gG
(1:10,000). Signals were detected as described previously [37].

2.6. Cell cycle analysis

Cell cycle experiments were carried out using standard propidium iodide (PI) staining
method and analyzed using a FACSort flow cytometer equipped with Cell Quest software
(Becton-Dickinson). Briefly, cells were treated with indicated regimens for 24 hrs before
harvested in PBS and fixed in ethanol overnight. 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. Cells were
washed, propidium iodide (50 pg/mL) added, then incubated the cells at 4 °C for at least 20
min before analysis.

2.7. Statistical analysis

Data are presented as mean + S.E.M, whereas 1Csq values were calculated as mean + SD
from at least three independent experiments. Differences between any mean values were
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analyzed by two-sided Student’s t-test and results were considered statistically significant at
P<0.05.

3. Results

3.1. The chemosensitivity to Bl 2536 is significantly reduced in cells overexpressing
ABCBlor ABCG2

Based on many reports of Bl 2536 inhibits the proliferation of human cancer cells, we first
examined the Bl 2536-induced toxicity in multiple drug sensitive and resistant human
cancer cell lines. The resistance factor (RF) is used here to compare the relative toxicity of
Bl 2536 to cells overexpressing a given ABC drug transporter. RF represents the degree of
resistance caused by the presence of a particular ABC transporter, which is calculated by
dividing the 1Cgq value of ABC transporter overexpressing subline by the 1Csq value of the
respective parental line (Table 1). We observed straight away that KB-8-5-11, KB-C-1 and
KB-V-1, three ABCB1-positive sublines of human epidermal KB-3-1 cell line, were highly
resistant to Bl 2536 when compared to the drug-sensitive parental cell lines (Table 1).
Moreover, the levels of resistance correlated with the amount of ABCB1 protein expression
amongst the KB sublines (Fig. 1A). Subsequently, we found that ABCB1-overexpressing
human ovary NCI-ADR-RES cells were also highly resistant to Bl 2536 (Fig. 1B). In order
to investigate whether the resistance of Bl 2536 is organ or transporter-specific, we
continued to examine several other cell lines with origins from the breast, the colon and
lung, which overexpress other ABC transporters such as ABCG2 and ABCC1 (summarized
in Table 1). We found that sublines with ABCG2 overexpression were also substantially
more resistant to Bl 2536, with the calculated RF values of approximately 77 and 11 for
MCF7-FLV1000 and S1-M1-80 cells, respectively compared to the parental cell lines. In
contrast, drug sensitive CORL-23/P and ABCC1-overexpressing CORL-23/R cells were
equally sensitive to BI 2536. It is worth noting that human colon S1 cancer cells appeared to
be intrinsically less sensitive to Bl 2536 than the other drug sensitive human cancer cells
used in the study. In order to affirm the cytotoxicity of Bl 2536 is mediated by the
overexpression of ABC drug transporters, we examined and compared the relative toxicity
of BI 2536 in cells transfected with either ABCB1, ABCG2 or ABCCL to their respective
parental cells. Similar to the results observed in human cancer cell lines, the ABCB1-
transfected mouse fibroblast NIH3T3-G185 and human MDR19-HEK293 cells (Fig. 1C)
were significantly more resistant to Bl 2536 than the parental cells, with calculated RF
values of 59 and 31, respectively. The ABCG2-transfected R482-HEK293 cells were almost
10-fold more resistant to Bl 2536 than the parental cells (Fig. 1D), whereas the ABCC1-
transfected MRP1-HEK?293 cells were equally sensitive to Bl 2536 as the parental cells (Fig.
1E).

3.2. Bl 2536 inhibits substrate transport mediated by ABCB1 and ABCG2

In order to examine the interactions between Bl 2536 and the three major ABC drug
transporters, we first studied how Bl 2536 directly affects the functions of ABCB1, ABCC1
and ABCG2. We evaluated the inhibitory effect of BI 2536 on ABCB1, ABCC1 and
ABCG2-mediated drug efflux in short-term drug accumulation assays. Calcein-AM is a
known substrate of ABCB1 and ABCC1, whereas PhA is a known fluorescent substrate of
ABCG2, thus were used to track ABCB1, ABCC1 or ABCG2-mediated efflux, respectively
[29]. The efflux assays were carried out in the absence (so/id lines) or presence of Bl 2536
(shaded, solid lines) or the benchmark inhibitor (dotted lines) of ABCBL (tariquidar, 3 uM)
or ABCC1 (MK-571, 25 yM) or ABCG2 (FTC, 5 yM) as described in Materials and
Methods. As shown in Fig. 2A and 2B, the ABCB1-mediated calcein-AM efflux was fully
inhibited by Bl 2536 at 10 pM in KB-V-1 and MDR19-HEK?293 cells. In contrast, at the
same concentration, Bl 2536 had no significant effect on ABCC1-mediated calcein efflux in
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MRP1-HEK?293 cells (Fig. 2C) or ABCG2-mediated PhA efflux in MCF7-FLV1000 (Fig.
2D), S1-M1-80 (Fig. 2E) or R482-HEK?293 (Fig. 2F) cells. However, we discovered that Bl
2536 does in fact inhibit ABCG2-mediated efflux of PhA, but only at higher concentrations.
Bl 2536 inhibits ABCB1-mediated calcein-AM efflux from KB-V-1 cells (Fig. 2G, /left
panel) and ABCG2-mediated PhA efflux from MCF7-FLV1000 cells (Fig. 2G, right panel)
in a concentration dependent manner, with calculated 1Csq values of 5.81 + 3.76 and 44.92 +
12.62 pM, respectively. On the other hand, ABCC1-mediated calcein efflux was not
inhibited by Bl 2536 even at higher concentrations (data not shown).

3.3. Bl 2536 stimulates ATPase activity of ABCB1 and ABCG2

To obtain biochemical information on the interactions between Bl 2536 and ABCBL1 or
ABCG2, we studied the effect of Bl 2536 on the Vi-sensitive ATPase activity in crude
membranes isolated from insect cells expressing either ABCB1 or ABCG2, as described in
Materials and Methods. Bl 2536 stimulates Vi-sensitive ATPase activity of both ABCB1
and ABCG?2 in a concentration dependent manner, with maximum stimulation of
approximately 250 % (Fig. 3A) and 200 % (Fig. 3B) higher than the respective basal levels
of ABCB1 and ABCG2, respectively. The concentration for Bl 2536 to obtain 50 %
stimulation of ATPase activity of ABCB1 and ABCG2 was 0.7 pM and 0.9 pM,
respectively (Fig. 3). The data here showed that Bl 2536 stimulates ABCB1 and ABCG2
ATP hydrolysis in the same manner as other well-established substrates.

3.4. Bl 2536 has no effect on ABCB1 or ABCG2 protein expression level

Several studies have shown that some compounds which interact directly with ABC drug
transporters can potentially cause up-regulation or down-regulation of ABC proteins [38—
40]. Therefore, we examined the effect of Bl 2536 on the protein expression level of
ABCBL1 in KB-3-1 and ABCB1-overexpressing KB-V-1 cells (Fig. 4A), as well as ABCG2
in MCF7 and ABCG2-overexpressing MCF7-FLV1000 cells (Fig. 4B). Cells were treated
with increasing concentrations of Bl 2536 for 72 hrs before processed for immunodetection
of ABCB1 or ABCG2 as described in Materials and Methods. We found that Bl 2536 has no
significant effect on the protein expression level of either ABCB1 or ABCG2 in these cancer
cell lines. Our data indicated that even though Bl 2536 directly inhibits the function of
ABCB1 and ABCG2, it does not induce up-regulation or down-regulation of these
transporters.

3.5. The chemosensitivity of ABCB1 and ABCG2-overexpressing cancer cells to Bl 2536
can be restored by using a substrate or modulator of ABCB1 and ABCG2

Knowing that ABCB1 and ABCG2 can mediate resistance to Bl 2536, we next evaluated the
effect of a substrate or modulator of ABC drug transporters on Bl 2536-induced cell cycle
arrest and toxicity in cells overexpressing either ABCB1 or ABCG2. We first examined the
effect of ABCB1 substrate nilotinib (5 uM) and inhibitors tariquidar (1 uM) and lapatinib (5
pM) on BI 2536-induced G2/M cell cycle arrest in human epidermoid carcinoma KB-3-1
(Fig. 5A) and KB-V-1 cells (Fig. 5B). Substrate or inhibitor alone at the tested
concentrations had no effect on G2/M arrest in all of the cell lines used in this study (Fig.
5A-D, /left panels). At 10 nM, Bl 2536-mediated significant G2/M arrest in KB-3-1 cells
(from ~ 10 % to 86 %) in the absence or presence of above compounds (Fig. 5A, right
panels). In contrast, in the absence of nilotinib, tariquidar or lapatinib, Bl 2536 at 10 nM had
no effect on G2/M arrest in ABCB1-overexpressing KB-V-1 cells, while in the presence of
inhibitors, the level of Bl 2536-induced G2/M arrest was restored to the same extent as in
ABCB1-negative KB-3-1 cells (Fig. 5B, right panels). Similarly, we examined the effect of
ABCG?2 substrate nilotinib and inhibitors FTC (3 pM) and lapatinib (5 yM) on BI 2536-
induced G2/M arrest in human colon carcinoma S1 (Fig. 5C) and S1-M1-80 cells (Fig. 5D).
Since S1 cells are less sensitive to Bl 2536 than KB cells (Table 1), a higher concentration
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of B1 2536 was used to treat S1 cells in this experiment. At 100 nM, Bl 2536 induced
significant G2/M arrest (from = 8 % to 90 %) in S1 cells in the absence or presence of
inhibitors (Fig. 5C, /eft panels), but had no significant effect on G2/M arrest in ABCG2-
overexpressing S1-M1-80 cells. However, in the presence of FTC, nilotinib or lapatinib, the
level of Bl 2536-mediated G2/M arrest was restored in S1-M1-80 cells (Fig. 5D, right
panels). The overall effect of Bl 2536 and inhibitors on the phases of cell cycle in these
cancer cells is summarized in Table 2. Next, we examined the reversal effect of inhibitors on
the sensitivity of cells overexpressing either ABCB1 or ABCG2 to Bl 2536. As shown in
Table 3, in the presence of ABCB1 benchmark inhibitor tariquidar (1 uM), the sensitivity of
ABCB1-overexpressing KB-V-1 cells to Bl 2536 was restored completely. Moreover, the
sensitivity of these cells was also significantly restored by nilotinib (0.5 uM) and lapatinib
(0.3 M), two tyrosine kinase inhibitors that have been shown to inhibit the function of both
ABCBL1 and ABCG2 [41, 42]. Similarly, the sensitivity of ABCG2-overexpressing S1-
M1-80 and MCF7-FLV1000 cells to Bl 2536 was significantly restored by ABCG2
benchmark inhibitor FTC (3 uM), as well as by nilotinib and lapatinib. Moreover, we
observed the same reversal effect by these drugs in cell transfected with either ABCB1
(MDR19-HEK?293) or ABCG2 (R482-HEK?293), suggests that inhibition of ABCB1 or
ABCG2 function is sufficient enough to reverse ABCB1- or ABCG2-mediated drug
resistance to Bl 2536 (Table 3).

4. Discussion

The serine/threonine-specific PIk1 is a key regulator of mitosis [2]. The fact that PIK1 is
overexpressed in multiple human cancer types, and it is not known to regulate any major
cellular functions other than mitosis, makes Plk1 a good therapeutic target for cancer
treatment [9, 11, 12, 17, 43]. Bl 2536 is a dihydropteridinone compound discovered by
Steegmaier et al. in a drug screening study for compounds that selectively inhibited the
catalytic activity of PIk1. It is the first potent and selective PIk1 inhibitor that induces all
hallmarks of PIk1 inhibition and inhibits the proliferation of multiple human cancer cell
lines in nanomolar concentrations [24]. Recently, many promising results have been
reported by independent groups showing Bl 2536 being highly effective against various type
of cancers, including AML, CML, TNBC and cervical carcinoma [11-13], as well as
medulloblastoma and melanoma [18, 19]. However, very little is known about the potential
mechanism of acquired resistance to Bl 2536, which could present a significant therapeutic
challenge to cancer patients receiving Bl 2536 treatment. Given that the overexpression of
ABC drug transporters is one of the most common mechanisms of acquired resistance to
anticancer agents, we examined whether ABCB1, ABCC1 or ABCG2 overexpression could
lead to acquired Bl 2536 resistance in human cancer cells.

In the present study, we discovered that cancer cells that overexpress either ABCB1 or
ABCG2, are highly resistant to Bl 2536. Moreover, ectopic expression of ABCB1 or
ABCG2 also confers resistance to Bl 2536 in HEK293 cells (Fig. 1, Table 1), implicating
that ABCB1- or ABCG2-mediated transport alone can sufficiently reduce the intracellular
concentration of Bl 2536. To confirm our findings further, we carefully examined the
interactions between Bl 2536 and ABC drug transporters. First, we studied the effect of Bl
2536 on the drug efflux function of ABCB1, ABCC1 or ABCG2. Our data showed that BI
2536 can inhibit ABCB1- and ABCG2-mediated transport of calcein-AM and PhA (Fig. 2),
suggest that Bl 2536 interacts directly with both ABCB1 and ABCG2. In contrast, Bl 2536
appeared not to interact with ABCC1 at all. Interestingly, in a recent study aimed to develop
a novel high-throughput assay identifying ABCB1 interacting compounds, Bl 2536 was
identified as a positive hit from a library 193 compounds [44]. Next, we measured the effect
of Bl 2536 on the vanadate-sensitive ATPase activity of ABCB1 and ABCG2 (Fig. 3). It has
been shown that the stimulation of ATP hydrolysis is coupled with substrate transport by
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ABC transporters [45, 46]. Our data showed that Bl 2536 elicited a 250 % stimulation on
ABCB1-mediated ATP hydrolysis, and 200 % stimulation on ABCG2-mediated mediated
ATP hydrolysis (Fig. 3). This result not only confirmed the interactions between Bl 2536
and ABCB1 and ABCG?2, it also showed that Bl 2536 behaves as a transported substrate of
both ABCB1 and ABCG2. This is further supported by the ability of ABCB1 and ABCG2 to
confer resistance to this drug (Fig 1, Table 1). Given that several studies have reported that
the protein expression of ABC drug transporters can be regulated by some ABC transporter-
interacting drugs or compounds [38-40, 46], we examined the protein expression of ABCB1
and ABCG2 in human cancer cell lines after exposing these cells to BI 2536 for 72 hrs. In
contrast to those studies, our data showed that Bl 2536 has no significant effect on the
protein expression of either ABCB1 or ABCG2 (Fig. 4).

In view of the fact that ABCB1- or ABCG2-mediated resistance to Bl 2536 can potentially
pose a significantly therapeutic problem in the future, and that functional inhibition of ABC
drug transporters has been shown to reverse acquired drug resistance mediated by ABC
transporters [37, 41, 47], we examined the effect of a combination therapy using Bl 2536
and modulators of ABCB1 and ABCG2 in human cancer cell lines. First, we evaluated the
effect of a known ABCBL1 inhibitor tariquidar and a known ABCG?2 inhibitor FTC, as well
as nilotinib, a substrate for both ABCB1 and ABCG2 and lapatinib, a modulator that has
been shown to restore drug sensitivity in ABCB1 and ABCG2-overexpressing cells [41], on
the Bl 2536-mediated G2/M cell cycle arrest and chemosensitivity to Bl 2536 in resistant
human cancer cell lines. A key characteristic of Bl 2536 is the inhibition of human cancer
cell growth through induction of G2/M cell cycle arrest with ECgq values in the range of 1 —
20 nM [24]. At 10 nM, BI 2536 was shown to cause cell cycle blockage at the G2 phase or
mitosis stage in HeLa cells, thus, increasing G2/M arrest can be considered as a indication of
the effectiveness of Bl 2536 in various cell lines [24]. The reported ECsgq values are in
consistent with our findings. In our study, Bl 2536 is highly effective against the
proliferation of KB-3-1 human epidermoid carcinoma cells, OVCARS8 human ovarian
cancer cells, MCF-7 human breast cancer cells, S1 human colorectal cancer cells and
CORL-23/P human lung cancer cells, however, Bl 2536 was significantly less effective
against their ABCB1 and ABCG2-overexpressing sublines (Table 1). In order to examine
the effect modulators and Bl 2536 has on ABCB1- and ABCG2-overexpressing human
cancer cells, we studied the Bl 2536-mediated G2/M cell cycle arrest in drug sensitive
KB-3-1 and S1 cancer cell lines, as well as in resistant KB-V-1 and S1-M1-80 sublines, in
the absence or presence of modulators. At 10 nM and 100 nM, BI 2536 induced high levels
of G2/M arrest in KB-3-1 and S1 cell lines, while had no significant effect in ABCB1-
overexpressing KB-V-1 or ABCG2-overexpressing S1-M1-80 sublines (Fig. 5). However, in
the presence of tariquidar, nilotinib or lapatinib, the Bl 2536-mediated G2/M arrest in
resistant KB-V-1 cells was restored to a comparable level as in KB-3-1 cells (Table 2),
which is also reflected in the corresponding 1Csq values listed in Table 3. Similarly, in
ABCG2-overexpressing S1-M1-80 cells, the level of Bl 2536-mediated G2/M arrest and
ICsq value were significantly restored by FTC, nilotinib and lapatinib to a comparable levels
as in drug sensitive S1 cells. These results are supported by the fact that the
chemosensitivity of Bl 2536 in cells with ectopic expression of either ABCB1 or ABCG2
can be significantly restored by inhibitors of ABCB1 and ABCG2 (Table 3). Overall, our
data indicate that the overexpression of ABCB1 and ABCG2 will result in significant
resistance to Bl 2536, and by inhibiting the function of ABCB1 and ABCG2, the
effectiveness of Bl 2536 can be significantly restored.

In summary, our study indicates that Bl 2536 interacts with and inhibits the function of
ABCB1 and ABCG2, stimulates the ATPase activity of both ABCB1 and ABCG2, and more
significantly, the overexpression of either ABCB1 or ABCG2 in human cancer cells can

lead to substantial resistance to Bl 2536. As a result, there is decreased effect on Bl 2536-
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induced G2/M cell cycle arrest and thus, renders Bl 2536 ineffective (Fig. 6). Taking into
account the known effect of ABCB1 and ABCG2 on the distribution and oral bioavailability
of many therapeutic drugs [47], it is likely that the overexpression of ABCB1 and ABCG2 at
the intestinal walls and blood-brain barrier can reduce the overall absorption and distribution
of BI 2536, which remains to be determined. In this study, although there is currently no
inhibitor suitable to be used clinically, inhibitors or competitive substrates of ABCB1 and
ABCG2 were used to demonstrate that both Bl 2536 mediated G2/M cell cycle arrest and
chemosensitivity of Bl 2536 can be significantly restored by modulating the functions of
ABCB1 and ABCG2 in cells overexpressing either ABCB1 or ABCG2. Therefore, further
investigation is warranted for the use of combinations of Bl 2536 and inhibitor of ABC drug
transporters or clinically active drugs that can potentially increase the oral bioavailability
and overall antitumor response in cancer patients treated with Bl 2536.
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Fig. 1.

The impact of human ABCB1, ABCC1 and ABCG2 overexpression on cellular sensitivity to
Bl 2536. (A) The respective cytotoxicity of Bl 2536 in KB-3-1 (o) and ABCB1-
overexpressing sublines KB-8-5-11 (), KB-C-1 (TJ) and KBV-1 (e) cells; (B) OVCARS
(o) and NCI-ADR-RES (e); (C) parental HEK293 (o) and ABCB1-transfected MDR19-
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HEK293 cells (®); (D) parental HEK293 (o) and ABCG2-transfected R482-HEK293 cells
(®); (E) parental HEK293 (o) and ABCC1-transfected MRP1-HEK?293 cells (®), was
determined as described previously [29]. Points, mean from at least three independent
experiments; bars, SEM.
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Fig. 2.

Effect of BI 2536 on the fluorescent substrate transport mediated by ABCB1, ABCG2 or
ABCCL. The accumulation of fluorescent calcein in KB-3-1 (A, /eft panel) and KB-V-1 (A,
right panel); HEK293 (B, /eft panel) and MDR19-HEK?293 (B, right panel); HEK293 (C,
left panel) and MRP1-HEK?293 (C, right panel) cells, as well as the accumulation of
fluorescent substrate Pheophorbide A (PhA) in MCF7 (D, /eft panel) and MCF7-FLV1000
(D, right panel); S1 (E, feft panel) and S1-M1-80 (E, right panel); HEK293 (F, /eft panel)
and R482-HEK293 (F, right panel) cells was measured in the presence or absence of Bl
2536 or known inhibitors and analyzed immediately by flow cytometry as described in
Materials and Methods. Representative histograms of three independent experiments are
shown; cells in the absence of 10 uM BI 2536 or inhibitors (solid lines), shaded solid lines
represent cells in the presence of 10 uM BI 2536 (shaded solid lines), whereas dotted lines
represent cells in the presence of known inhibitors (3 pM tariquidar for ABCB1, 25 uM
MK-571 for ABCC1 and 5 pM FTC for ABCG2). (G) Concentration-dependent inhibition
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of ABCB1-mediated calcein-AM efflux (/eft panel) or ABCG2-mediated PhA efflux (right
panel) by Bl 2536 in KB-V-1 cells or MCF7-FLV1000 cells. Data points represent the mean
+ SEM from three independent experiments. The 1Cgq values were calculated as the
concentration that inhibited the efflux to 50 % of the control values.
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Fig. 3.

Effect of BI 2536 on Vi-sensitive ABCB1 and ABCG2 ATPase activity. Effect of 0 to 10
MM BI 2536 (A) and 0 to 1 uM (A, /nserf) on Vi-sensitive ABCB1 ATPase activity, as well
as the effect of 0 to 30 uM BI 2536 (B) and 0 to 1 uM (B, inser?) on Vi-sensitive ABCG2
ATPase activity was measured as described previously [37]. Points, mean from three
independent experiments; bars, SD.
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Fig. 4.

Effect of BI 2536 on expression level of ABCB1 and ABCG2 proteins in human MDR
cancer cells. The averaged relative protein expression levels obtained from immunoblot
detection of (A) ABCBL1 in total cell lysate protein (10 ug) in parental KB-3-1 and ABCB1-
overexpressing subline KB-V-1 cells, treated with increasing concentrations (0 — 0.2 nM) or
(0 - 100 nM) of BI 2536, and (B) ABCG2 in parental MCF7 and ABCG2-overexpressing
subline MCF7-FLV1000 cells, treated with increasing concentrations (0 — 5 nM) or (0 — 200
nM) of Bl 2536, respectively for 72 h as described previously [37]. a-Tubulin was used as
an internal control for equal loading. Values are presented as mean + SD calculated from
three independent experiments.
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Fig. 5.

Effect of ABCB1 and ABCG?2 inhibitors on Bl 2536-mediated G2/M cell cycle arrest in
sensitive KB-3-1 (A), resistant ABCB1-overexpressing KB-V-1(B), sensitive S1 (C) and
resistant ABCG2-overexpressing S1-M1-80 (D) cells. Cells were plated and maintained in
the absence (/eft panels) or presence of Bl 2536 (right panels, 10 nM for KB cells and 100
nM for S1 cells) in combination with tariquidar (1 pM), FTC (3 uM), nilotinib (5 uM) or
lapatinib (5 pM) alone (left panels) for 24 h before harvest for cell cycle analysis.
Representative histograms of three independent experiments are shown.
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Schematic showing the role of ABCB1 or ABCG2 transporters in the decrease in
effectiveness of Bl 2536 in resistant cancer cells. Polo-like kinase 1 (PIk1) is known to play
a central role in regulating cell division in human cells and the overexpression of Plklin
human cancer cells promotes cell growth [43]. Bl 2536 is the first PIK1 inhibitor that
selectively inhibits the catalytic activity of PIk1. Typically, Bl 2536 blocks the
multifunctional mitotic kinase activity of PIk1 with high efficiency, which leads to G2/M
cell cycle arrest and apoptosis in cancer cells. However, the direct drug efflux function of
ABCB1 and ABCG2 can potentially lead to reduced intracellular Bl 2536 concentration in
ABCB1- or ABCG2-expressing cancer cells, rendering Bl 2536 ineffective.
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Sensitivity of various cell lines to polo-like kinase 1 inhibitor Bl 2536

Table 1

Cell line Cancer origin ~ Transporter expressed ICso (NM)2 R.FD
KB-3-1 epidermal - 148 +0.53 -
KB-8-5-11 epidermal ABCB1 5.01+2017 3.39
KB-C-1 epidermal ABCB1 16.76 + 4517 11.32
KB-V-1 epidermal ABCB1 281.24 + 31,57  190.03
OVCAR-8 ovary - 7.19 + 3.60 -
NCI-ADR-RES ovary ABCB1 1273.30 + 191,20 ***  177.09
MCF7 breast - 5.11 +1.47 -
MCF7-FLV1000 breast ABCG2 303.18 + 74.83 %%  76.94
S1 colon - 24.30 £4.75 -
S1-M1-80 colon ABCG2 26106 +48.25%*  10.74
CORL-23/P lung - 438+1.25 -
CORL-23/R lung ABCC1 516 +1.83 1.18
NIH3T3 - - 40.60 + 4.97 -
NIH3T3-G185 - ABCB1 2413.40 + 423.66 ™ 59.44
pcDNA-HEK?293 - - 2.75+0.67 -
MDR19-HEK293 - ABCB1 8550 + 13.67**  31.09
R482-HEK293 - ABCG2 25.97 + 4.95 " 9.44
MRP1-HEK293 - ABCC1 299+ 1.49 1.09

Abbreviation: R.F, resistance factor.
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a . . . . -
IC50 values are mean + SD calculated from dose-response curves obtained from three independent experiments using cytotoxicity assay as
described in Materials and Methods.

bRF were calculated by dividing IC5(Q values of ABC transporter overexpressing cells by 1C5( values of respective parental

cells.

*
P<0.05;

*:

A
P<0.01;

*:

A+
P<0.001
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Table 2

The percentage distribution of cells in cycle phases

Cell cycle phase
KB-3-1 G1 (%) S(%) G2IM (%)
Control 64.06 +4.34 2546+0.64 10.49x0.74
+ Tariquidar 65.08 +3.66 23.64+0.26 11.28+0.95
+ Nilotinib 70.63+1.80 19.13+0.49 10.24+0.82
+ Lapatinib 68.57 +5.94 20.71+0.72 10.72+2.26
+ Bl 2536 294+254 10.70+2.34 86.36 £4.45
+ Bl 2536 + tariquidar  2.91+2.06 10.16 +0.33 86.93+3.05
+ BI 2536 + nilotinib 722+343 1788+062 749+226
+ BI 2536 + lapatinib 6.56 +6.08 15.62+0.42 77.82+4.23
KB-V-1
Control 59.01+1.62 29.70+1.28 11.29+1.32
+ Tariquidar 63.24+2.18 26.22+0.98 10.54+0.61
+ Nilotinib 63.81+1.19 2498+140 11.21+0.65
+ Lapatinib 58.80+2.42 28.63+0.72 1248+1.80
+ BI 2536 59.61+6.13 27.63+5.08 12.76+1.39
+ Bl 2536 + tariquidar ~ 4.74+2.44 2188+6.34 73.38+8.26
+ BI 2536 + nilotinib 10.45+1.84 31.24+7.09 5831+7091
+ BI 2536 + lapatinib 6.42+471 1751+118 76.07+5.84
Si
Control 48.32+6.10 43.34+576 8.34+3.01
+FTC 47.64+4.27 4498+548 7.38+1.50
+ Nilotinib 5231+7.11 36.17+3.87 1152+4.88
+ Lapatinib 52.11+549 39.05+5.61 8.84+3.96
+ BI 2536 3.57+0.47 569+0.71 90.74+0.42
+ Bl 2536 + FTC 3.13+0.27 532+0.82 91.56+0.68
+ BI 2536 + nilotinib 2.33+0.44 567+040 92.00+0.04
+ BI 2536 + lapatinib 2.20+0.67 520+048 92.60+0.71
S1-M1-80
Control 48.06 £9.67 31.94+455 20.01+6.14
+FTC 48.05+8.45 32.06+159 19.89+8.40
+ Nilotinib 49.31+452 31.33+£391 19.37+0.98
+ Lapatinib 47.28+531 30.28+3.29 2244+226
+ Bl 2536 43.06 £6.75 32.78+2.14 24.16+6.42
+ Bl 2536 + FTC 1.39+0.16 478+042 93.84+058
+ BI 2536 + nilotinib 515+161 17.07+326 77.78+4.79
+ BI 2536 + lapatinib 1.64 +0.59 581+136 92.56+1.89

The percentage values were calculated from three independent experiments.
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