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Polo-like kinase (PLK) is a cell-cycle regulator that is overexpressed in several can-

cer cell types. Polo-like kinase is considered a novel target for cancer therapies,

and several PLK inhibitors (PLKis), including BI 2536, BI 6727, and GSK461364,

have been developed. In this study, we established five BI 2536-resistant cell lines

from human colorectal cancer HCT 116 cells, to explore the resistance mechanism

and identify predictable biomarkers of PLKis. We showed that PLKi-induced cas-

pase-8 activation was attenuated in the BI 2536-resistant cell lines. We also

showed that the expression of P-glycoprotein (P-GP) and AKT3 was upregulated,

whereas that of MYC was downregulated in some BI 2536-resistant cell lines.

Expression of P-GP conferred resistance to PLKis, and PLKi-induced apoptosis was

dependent on MYC and caspase-8 in HCT 116 cells. We also showed for the first

time that AKT3 suppressed BI 6727-induced caspase-8 activation and conferred

resistance to PLKis. Collectively, these results indicate that MYC, caspase-8, P-GP,

and AKT3 play critical roles in PLKi-induced apoptosis. Therefore, they are candi-

date biomarkers of the pharmacological efficacy of PLKis.

P olo-like kinase (PLK) is a serine/threonine kinase with five
isoforms, PLK1–5.(1) Polo-like kinases 1–4 have an N-

terminal kinase domain and a C-terminal polo-box domain,
whereas PLK5 lacks the N-terminal kinase domain.(1) Expres-
sion of PLK1 is low in G0, G1, and S phases of the cell cycle,
begins to increase in G2 phase, and is high in M phase.(2,3)

Overexpression of PLK1 is associated with cancer progression
and a poor prognosis.(4,5) Polo-like kinase 1 localizes to the
centrosomes and spindle poles during prophase and metaphase,
and then relocalizes to the spindle midzone during late ana-
phase.(6) Polo-like kinases phosphorylate their substrates during
several steps of the cell cycle, and they play essential roles in
promoting the entry into mitosis, as well as centrosome matu-
ration and duplication.(1) Depletion of PLK1 induces G2/M
arrest and apoptosis with caspase-3 activation,(7,8) so it is con-
sidered an attractive target of cancer therapies.
Several PLK inhibitors (PLKis) have been developed, includ-

ing BI 2536, BI 6727 (volasertib), and GSK461364.(9–11) BI
2536 and BI 6727 potently inhibit PLK1, PLK2, and PLK3.
GSK461364 has >100-fold selectivity for PLK1 over PLK2 and
PLK3.(12) BI 6727 has reported anticancer efficacy in various
malignancies in vitro and in vivo.(13) It has a manageable safety
profile and has been tested in a phase II clinical trial as a combi-
nation therapy with low-dose cytarabine for acute myeloid leu-
kemia (AML).(14) A phase III clinical trial (NCT01721876;
POLO-AML-2) is underway. Therefore, biomarker molecules
involved in the efficacy or toxicity of BI 6727 and other PLKis
are of interest, to improve the clinical benefits of these PLKis.

The resistance mechanisms of PLKis are also an important issue.
Various mechanisms, such as the increased expression of drug
efflux transporters, the alteration of target molecules, the upreg-
ulation of survival signals, and the downregulation of cell death
mechanisms, have been investigated.(15) The overexpression of
P-glycoprotein (P-GP) is one of the commonest resistance mech-
anisms to BI 2536, BI 6727, and GSK461364, which are investi-
gated in this study.(16–18) A PLK1 gene mutation has also been
reported to confer resistance to BI 2536.(19)

In this study, we established five BI 2536-resistant cell lines
(BI 10-1-5, BI 10-1-10, BI 20-1, BI 40-1, and BI 40-2) from
human colorectal cancer HCT 116 cells, to investigate the
mechanisms responsible for the sensitivity to PLKis. We found
that the expression of P-GP and AKT3 was increased, whereas
that of MYC was repressed in the BI 2536-resistant cell lines.
We showed that PLKi-induced apoptosis was mediated by cas-
pase-8 and modulated by AKT3 and MYC. These results sug-
gest that P-GP and AKT3 are putative biomarkers of resistance
to PLKis and, conversely, that MYC and caspase-8 reflect sen-
sitivity to PLKis.

Materials and Methods

Cells and inhibitors. HCT 116 and HeLa cells were cultured
in DMEM (Sigma-Aldrich, St. Louis, MO, USA) supplemented
with 7% FBS and 50 lg/mL kanamycin at 37°C in a humidi-
fied atmosphere with 5% CO2. The PLKis GSK461364, BI
2536, and BI 6727 were purchased from Selleck Chemicals
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Fig. 1. Drug resistance of BI 2536-resistant cell lines. (a) Schematic protocol for the isolation of BI 2536-resistant cell lines from HCT 116 cells.
The BI 10-1-5 and BI 10-1-10 cells were cloned in the presence of 10 nmol/L BI 2536, BI 20-1 cells in the presence of 20 nmol/L BI 2536, and BI 40-
1 and BI 40-2 cells in the presence of 40 nmol/L BI 2536. (b) Sensitivity to polo-like kinase inhibitors (PLKis), doxorubicin, and vincristine in BI
2536-resistant cells. The cells were treated with BI 2536, BI 6727, GSK4561364, doxorubicin, or vincristine for 96 h and subjected to WST-8 assay.
(c) PLKi-induced caspase activation. HeLa cells were treated with BI 2536 (10 nmol/L), BI 6727 (68 nmol/L), or GSK461364 (11 nmol/L), and HCT
116 cells were treated with BI 2536 (20 nmol/L), BI 6727 (70 nmol/L), or GSK461364 (12 nmol/L) for 48 h. The levels of cleaved caspase (CASP)-3, -
8, and -9 were examined by Western blot analysis. (d) PLKi-induced caspase activation in BI 2536-resistant cell lines. Cells were treated with BI
6727 (100 nmol/L) for 48 h, and the levels of P-glycoprotein (P-GP) and cleaved caspase-3, -8, and -9 were examined by Western blot analysis.
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(Houston, TX, USA). To establish BI 2536-resistant cell lines,
HCT 116 cells were treated with increasing concentrations of
BI 2536, starting from 10 nmol/L and gradually increasing to
40 nmol/L. Resistant cells were cloned from two independent
origins (Fig. 1a).

Plasmid and transfectants. Wild-type (WT) and myristoy-
lated (Myr) AKT3 cDNAs (GenBank accession no. AF
135794) were isolated with a standard PCR method. A myris-
toylation sequence was added to the N-terminus, and the
cDNA subcloned into the pD3HA plasmid vector.(20) To
establish stable WT-AKT3 transfectants, HCT 116 cells were
transfected with the plasmid using FuGENE HD Transfection
Reagent (Promega, Madison, WI, USA) and then selected
with 800 lg/mL G418 (Thermo Fisher Scientific, Waltham,
MA, USA). Stable Myr-AKT3 transfectants were established
similarly (Noguchi et al., unpublished data). The expression
of AKT3–hemagglutinin (HA) was confirmed by Western blot
analysis.

Cell growth inhibition assay. WST-8 assays were carried out
with the Cell Counting Kit-8 (CCK-8; Dojindo Laboratories,
Kumamoto, Japan). In brief, cells were seeded into a 96-well
plate at a density of 1 9 103 cells/well and incubated for
24 h. After incubation, the cells were treated with PLKis or
anticancer drugs for 96 h. Cell counting kit solution (10 lL)
was added to each well. After incubation for 3 h, the absor-
bance at 450 nm was measured with an Infinite M1000 micro-
plate reader (Tecan Japan, Kanagawa, Japan). The data are
presented as the means � SD of triplicate determinations. The
degree of resistance was calculated by dividing the IC50 of the
cells of interest by those of the parent cells, as described
previously.(21)

Western blot analysis. Cells were lysed in whole cell extract
buffer (20 mmol/L Tris–HCl [pH 8.0], 50 mmol/L NaCl, 0.5%
SDS, 0.5% sodium deoxycholate, 5 mmol/L EDTA, 1 mmol/L
4-(2-aminoethyl)benzenesulfonyl fluoride hydrochloride, 1%
aprotinin, 10 lmol/L pepstatin, 10 lmol/L leupeptin, 10 lmol/
L E-64d, and 0.1 lmol/L calyculin A) by sonicating them on
ice. The protein in the cell lysates was estimated with the
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). The
protein samples were solubilized in SDS sample buffer (2%
SDS, 50 mmol/L Tris-HCl [pH 8.0], 0.2% bromophenol blue,
and 5% 2-mercaptoethanol) with boiling for 5 min at 70°C.
Whole-cell lysates containing 10 lg protein were separated
with SDS-PAGE, and then transferred onto PVDF membranes
(Immobilon-P; EMD Millipore, Billerica, MA, USA). Western
blotting signals were detected with the SuperSignal West Dura
Extended Duration Substrate (Thermo Fisher Scientific) and
recorded with an ImageQuant LAS 4000 imager (GE Health-
care Japan, Tokyo, Japan). GAPDH was used as the loading

control. The antibodies used were directed against: p53 (DO-1)
(Santa Cruz Biotechnology, Santa Cruz, CA, USA);
MDR1 + 3 (C219) (Abcam, Cambridge, MA, USA); GAPDH
(6C5) (Millipore); cleaved caspase-3 (Asp175; 5A1E), cas-
pase-8 (1C12), cleaved caspase-9 (Asp330; #9501), AKT1
(C73H10), AKT2 (D6G4), AKT3 (L47B1), phospho-AKT
(Ser473; D9E), glycogen synthase kinase 3b (GSK-3b)
(D5C5Z), phospho-GSK-3b (Ser-9; D85E12), PLK1 (208G4)
(Cell Signaling Technology, Danvers, MA, USA); and HA
(3F10) and MYC (9E10) (Roche Diagnostics, Indianapolis, IN,
USA).

Knockdown assay. HCT 116 cells were transfected with
CASP8-targeting siRNA (Hs_CASP8_7 and Hs_CASP8_11;
Qiagen, Valencia, CA, USA), MYC-targeting siRNA (siGEN-
OME Human MYC [4609] siRNA-SMARTpool; Dharmacon,
GE Healthcare, Amersham, UK) or a control scrambled siRNA
(AllStars Negative Control siRNA; Qiagen) using Lipofec-
tamine 2000 (Invitrogen, Carlsbad, CA, USA). During the
knockdown experiments, at 72 h after transfection, Western
blot analysis and annexin V assay were carried out, and WST-
8 assays were undertake at 96 h after transfection.

Annexin V assay and sub-G1 population assay. The annexin V
assay was carried out to calculate the proportions of apoptotic
cells, using the Annexin-V–FLUOS Staining Kit (Roche Diag-
nostics). In brief, cells were seeded into 60-mm dishes
(2 9 105 cells/dish) and incubated for 24 h. After incubation,
the cells were treated with 100 nmol/L BI 6727 alone or in
combination with 5 lmol/L MS-209,(22) a P-GP inhibitor, for
48 h. The cells were then trypsinized, washed twice with cold
PBS, and centrifuged (1500 g, 5 min, 4°C). The cell pellets
were suspended in HEPES buffer, and then stained with
annexin V–FITC and propidium iodide (PI), and then incu-
bated for 30 min at room temperature in the dark. The
annexin-V-positive cells were analyzed with a BD LSR ΙΙ flow
cytometer (BD Biosciences, Tokyo, Japan).
For the sub-G1 population assay, cells were seeded into

60-mm dishes (5 9 105 cells/dish) and on the next day, trans-
fected with FuGENE HD Transfection Reagent. At 24 h after
transfection, the cells were treated with BI 6727 (20 nmol/L)
for 48 h. The cells were trypsinized and washed with cold
PBS. The cells were suspended in 70% ethanol for 30 min for
fixation, collected, stained with PI (40 lg/mL), and treated
with RNase A (200 lg/mL). The cells were analyzed with a
BD LSR ΙΙ flow cytometer (BD Biosciences).

Colony formation assay. Cells were seeded into 60-mm
dishes (5 9 105 cells/dish), and treated on the following day
with BI 6727 (0, 3, 10, or 30 nmol/L). After 24 h, the cells
were replated into a six-well plate at a density of 500 cells/
well. After 14 days, the colonies were stained with 0.5%

Table 1. Drug sensitivity of BI 2536-resistant cell lines

Cell line
IC50 (nmol/L)/[fold of parent HCT 116]

BI 2536 BI 6727 GSK461364 Doxorubicin Vincristine

HCT 116 1.6 [1.0] 4.7 [1.0] 3.2 [1.0] 47 [1.0] 1.1 [1.0]

BI 10-1-5 39 [24] 23 [5.0] 8.5 [3.0] 310 [7.0] 45 [41]

BI 10-1-10 37 [23] 43 [9.0] 15 [5.0] 230 [5.0] 56 [51]

BI 20-1 120 [76] 67 [14] 25 [8.0] 360 [8.0] 61 [56]

BI 40-1 220 [140] 230 [49] 43 [13] 330 [7.0] 62 [57]

BI 40-2 >260 [>160] 260 [54] 77 [24] 240 [6.0] 62 [56]

Cancer Sci | December 2016 | vol. 107 | no. 12 | 1879 © 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Nonomiya et al.



Fig. 2. Resistance to polo-like kinase inhibitors (PLKis) is not abolished by MS-209 in BI 40-1 and BI 40-2 cells. (a) Sensitivity to PLKis in P-glyco-
protein (P-GP)- or breast cancer resistance protein (BCRP)-overexpressing K562, K562/MDR, and K562/BCRP cells. Cells were treated with PLKis for
96 h and subjected to WST-8 assay. (b) Effects of MS-209 on BI 2536-resistant cell lines. Cells were treated with BI 2536, BI 6727, or vincristine in
the absence or presence of 5 lmol/L MS-209 for 96 h and subjected to WST-8 assay. (c) BI 6727- and vincristine-induced caspase activation in BI
40-1 and BI 40-2 cells. The cells were treated with either BI 6727 (100 nmol/L) or MS-209 (5 lmol/L) alone or in combination for 48 h (left panels).
Similarly, the cells were treated with either vincristine (10 nmol/L) or MS-209 (5 lmol/L) alone or in combination for 48 h (right panels). The
levels of P-GP, p53, and cleaved caspase (CASP)-3, -8, and -9 were examined by Western blot analysis.
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crystal violet. The number of colonies containing more than 50
cells was counted under a microscope, and the results are pre-
sented as means � SD (n = 3).

Statistical analysis. The quantitative results are presented as
means � SD (n = 3). The two-tailed Student’s t-test was used
to evaluate the significance of differences. A value of
P < 0.05 was considered statistically significant.

Results

Drug resistance of BI 2536-resistant cell lines. We established
five BI 2536-resistant cell lines (BI 10-1-5, BI 10-1-10, BI 20-
1, BI 40-1, and BI 40-2) from HCT 116 cells with two inde-
pendent protocols (Fig. 1a). The BI 40-1 and BI 40-2 cells
showed 140-fold greater resistance to BI 2536 than the paren-
tal HCT 116 cells, and the other three lines showed 23–76-fold
greater resistance to BI 2536 than the parental cells (Table 1).
The BI 2536-resistant cell lines showed cross-resistance to the
other PLKis, BI 6727 and GSK461364 (Fig. 1b). The BI 40-1
and BI 40-2 cells showed higher cross-resistance to these two
PLKis than the other three lines. These five BI 2536-resistant
cell lines showed similar levels of resistance to doxorubicin
and vincristine (Fig. 1b).
A Western blot analysis confirmed that the three PLKis

induced the cleavage of caspase-3, -8, and -9 in HeLa and
HCT 116 cells (Fig. 1c). The cleaved forms of caspase-3, -8,
and -9 were still detected in the BI 10-1-5, BI 10-1-10, and BI
20-1 cells but not in the BI 40-1 and BI 40-2 cells after treat-
ment with BI 6727 (100 nmol/L), supporting our findings that
the BI 40-1 and BI 40-2 cells were highly resistant to BI 6727
(Fig. 1d). P-glycoprotein expression was upregulated in all five
resistant cell lines. Among them, the BI 20-1 cells showed the

highest level of P-GP expression, so the level of P-GP expres-
sion did not correlate with the level of BI 6727 resistance.

Polo-like kinase inhibitor resistance not abolished by P-GP inhi-

bitor MS-209. To determine the effect of P-GP on the cellular
resistance to PLKis, we first examined the sensitivity of P-GP-
or breast cancer resistance protein-overexpressing K562 cells
to PLKis. A cell growth inhibition assay showed that P-GP
expression conferred strong resistance to the three PLKis
(Fig. 2a). The P-GP inhibitor MS-209 completely reversed the
resistance to vincristine in all five cell lines and to the PLKis
in BI 10-1-5, BI 10-1-10, and BI 20-1 cells. The BI 40-1 and
BI 40-2 cells still retained significant levels of resistance to
PLKis in the presence of MS-209 (Fig. 2b). Consistent with
this, MS-209 did not restore BI 6727-induced caspase activa-
tion or p53 accumulation in these cells (Fig. 2c, left panels).
The proportions of annexin-V-positive cells in the BI 40-1 and
BI 40-2 cells were lower than in the other cells when the cells
were co-treated with BI 6727 and MS-209 (Fig. 3). Because
MS-209 apparently restored vincristine-induced caspase activa-
tion and p53 accumulation in BI 40-1 and BI 40-2 cells
(Fig. 2c, right panels), MS-209 cancelled P-GP-mediated drug
resistance under these conditions. These results suggest that
mechanisms other than P-GP are involved in the resistance of
BI 40-1 and BI 40-2 cells to PLKis.

Polo-like kinase inhibitor-induced apoptosis requires caspase-8

and MYC. We next examined whether PLKi-induced apoptosis
is attributable to caspase-8. Transfection with CASP8 siRNA
suppressed the expression of caspase-8 protein (Fig. 4a) and
the BI 2536-induced cleavage of caspase-3 and -9 (Fig. 4b).
The proportion of annexin-V-positive cells after treatment with
BI 2536 also decreased after CASP8 knockdown (Fig. 4c).
Furthermore, cells transfected with CASP8 siRNA (black

Fig. 3. Effect of MS-209 on BI 6727-induced
apoptosis in HCT 116 and BI 2536-resistant cells.
The proportions of BI 6727-induced apoptosis were
examined in the presence or absence of MS-209.
Cells were treated with either BI 6727 (100 nmol/L)
alone, MS-209 (5 lmol/L) alone, or their
combination for 48 h. The cells were then
harvested, stained with annexin-V–FITC and
propidium iodide, and analyzed by flow cytometer.
Flow cytometric analysis defined apoptotic cells as
annexin-V-positive cells, and the proportions of
apoptotic cells are indicated by bar graphs. Data
are expressed as mean � SE for two independent
experiments.
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Fig. 4. Caspase-8 plays an essential role in polo-like kinase inhibitor (PLKi)-induced apoptosis. (a) Knockdown of caspase (CASP)-8. HCT 116 cells
were transfected with CASP8-targeting siRNA, and caspase-8 protein expression was examined by Western blot analysis. (b) PLKi-induced caspase
activation in CASP8-knockdown cells. Cells were then treated with BI 2536 (0, 10, 20, or 40 nmol/L) for an additional 48 h. Levels of cleaved cas-
pase-3, -8, and -9 were examined by Western blot analysis. (c) PLKi-induced apoptosis in CASP8-knockdown cells. The cells were treated as in (b).
The cells were then harvested and stained with annexin-V–FITC and propidium iodide (PI). Apoptotic cells were defined as annexin-V-positive
cells, and the proportions of apoptotic cells are indicated in blue. (d) Sensitivity to PLKis, vincristine, paclitaxel, doxorubicin, etoposide, or
topotecan in CASP8-knockdown cells. HCT 116 cells were transfected with CASP8 siRNA or control siRNA. At 48 h after transfection, the cells
were treated with BI 2536, BI 6727, GSK461364, vincristine, paclitaxel, doxorubicin, etoposide, or topotecan for an additional 48 h and subjected
to WST-8 assay.
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symbols in Fig. 4d) showed 2.6-, 3.0-, and 2.4-fold higher
resistance to BI 2536, BI 6727, and GSK461364, respectively.
The knockdown of CASP8 also induced resistance to

vincristine and paclitaxel (Fig. 4d, lower graphs). However,
CASP8 siRNA did not affect the sensitivity of the cells to dox-
orubicin, etoposide, or topotecan (Fig. 4d). These results

Fig. 5. Downregulation of MYC is involved in resistance to polo-like kinase inhibitors (PLKis). (a) Expression levels of MYC, AKTs, AKT down-
stream proteins, and polo-like kinase 1 (PLK1) in BI 2536-resistant cell lines. (b) Sensitivity to PLKis in MYC-knockdown cells. HCT 116 cells were
transfected with MYC-targeting siRNA, and MYC protein expression was examined by Western blot analysis (upper left panels). The normalized
intensity ratio (MYC/GAPDH) is indicated at the bottom of the blots. At 48 h after transfection, the cells were treated with PLKis for an addi-
tional 48 h and subjected to WST-8 assay. (c) PLKi-induced caspase activation in MYC-knockdown cells. HCT 116 cells were transfected with MYC-
targeting siRNA. At 48 h after transfection, the cells were treated with BI 6727 (100 nmol/L) for an additional 24 h. The levels of cleaved caspase
(CASP)-3, -8, and -9 and MYC were examined by Western blot analysis. GSK-3b, glycogen synthase kinase 3b; p-, phosphorylated.
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indicate that caspase-8 plays a critical role in PLKi-induced
apoptosis in HCT 116 cells.
The BI 2536-resistant cell lines expressed the WT PLK1

protein with no mutation (data not shown). In the course of
exploring the resistance mechanisms, we found that AKT3
expression was upregulated and MYC was downregulated in
BI 40-1 and BI 40-2 cells (Fig. 5a). Consistent with this, the
knockdown of MYC expression by siRNA reduced MYC pro-
tein for 96 h and conferred resistance to PLKis, BI 2536 and
BI 6727 (Fig. 5b). Caspase activation was also suppressed by
MYC knockdown (Fig. 5c), suggesting that the reduction of
MYC protein is involved in the resistance to PLKi-induced
apoptosis.

AKT3 confers resistance to PLKis. The phosphorylation of a
downstream target of AKT, GSK-3b at Ser-9, was increased in
BI 2536-resistant cell lines (Fig. 5a), suggesting that the AKT
pathway was activated in resistant cells. The BI 40-1 and BI
40-2 cells, which appeared to have P-GP-independent resis-
tance mechanisms, expressed high levels of AKT3, so we
investigated the effects of AKT3 expression on the resistance
to PLKis. A colony formation assay showed that the propor-
tion of surviving cells after treatment with 10 nmol/L BI 6727
was higher in AKT3-transfected HeLa cells than in control
cells (Fig. 6a). A flow cytometric analysis also showed that
the transient overexpression of AKT3 reduced the proportions
of apoptotic sub-G1 population cells after treatment with BI
6727 (Fig. 6b). To examine this further, we established WT-
AKT3-transfected HCT 116 cell lines, cl.3-4, cl.4-13, and cl.4-
29 (Fig. 6c), and a growth inhibition assay showed that the
WT- and Myr-AKT3 transfectants showed only marginal levels
of resistance to BI 2536, BI 6727, and GSK461364 (Fig. 6c,
right graphs). We next examined stable clones DA-14, -18,
and -36 that expressed Myr-AKT3, a constitutively active
mutant of AKT3. The DA-14 and -18 cells expressed high
levels of Myr-AKT3 protein (Fig. 6d, left panels), and showed
4.0- and 3.1-fold higher resistance to BI 6727, respectively,
than the control cells (Fig. 6d). They also showed cross-resis-
tance to high concentrations of BI 2536 and GSK461364
(Fig. 6d). The BI 6727-induced cleavage of caspase-8 was
reduced in the Myr-AKT3-expressing cells (Fig. 6e). Collec-
tively, these results indicate that the expression of AKT3 sup-
presses caspase activation and confers resistance to PLKis.

Discussion

Polo-like kinase plays key roles in the cell cycle and its over-
expression is observed in a wide range of cancer cells. Inhibi-
tion of PLK causes mitotic arrest and apoptosis, so PLK is
considered a target for cancer chemotherapies.(7,23) Several
PLKis have been developed(12) and one PLKi, BI 6727, has
been evaluated in clinical trials for various cancers, including

AML,(14,24–26) as a monotherapy or in combination with other
agents.
Many tyrosine kinase inhibitors have been used in various

clinical settings,(27) and the emergence of drug-resistant cells
is a critical problem.(15) On-target mutations, bypath mechan-
isms, and drug efflux pumps have been identified as typical
mechanisms of drug resistance.(15) Moreover, resistance to
apoptosis is also considered to be involved in chemoresis-
tance.(28) A precise analysis of the resistance mechanisms to
PLKis and an exploration of predictable biomarkers should
improve the therapeutic efficacy of PLKis. In this study, we
established new cell lines resistant to BI 2536, one of the earli-
est-identified inhibitors of PLK, and investigated the pharma-
cological biomarkers involved in the undetermined
mechanisms of PLKi resistance.
Our BI 2536-resistant cell lines showed cross-resistance to

other PLKis (BI 6727 and GSK461364) and also to doxoru-
bicin and vincristine. Doxorubicin and vincristine are typical
substrates of the multidrug efflux pump P-GP and, as
expected, P-GP was overexpressed in the BI 2536-resistant
lines. Previous studies have shown that P-GP overexpressing
cells show resistance to BI 2536, BI 6727, and
GSK461364,(16–18) and we confirmed the involvement of P-
GP in our BI 2536-resistant cell lines. However, P-GP
expression did not correlate with the levels of resistance to
BI 6727, suggesting that mechanisms other than P-GP were
present in our clones. Therefore, P-GP expression is one of
the determinants of the therapeutic efficacy of BI 6727, but
not the only one.
Intriguingly, in two highly BI 2536-resistant cell lines, BI

40-1 and BI 40-2, the P-GP inhibitor MS-209 was insufficient
to reverse the cells’ resistance to PLKis. We found that MYC
was downregulated and AKT3 was upregulated in these cells.
BI 2536 and BI 6727 are dual inhibitors of both PLK1 and
bromodomain containing 4 (BRD4).(29,30) The high concentra-
tion of BI 2536 represses MYC transcription by inhibiting
BRD4, and AKT-mediated phosphorylation of GSK-3b at Ser-
9 represses GSK-3b activity.(31) As GSK-3b-mediated MYC
phosphorylation at Thr-58 destabilizes MYC protein,(32) we
guess that AKT3 upregulation might inhibit GSK-3b, and
counteract with BI 2536-induced MYC depletion, by which
AKT3-expressing cells might be able to proliferate under BI
2536 treatment and therefore be selected as BI 2536-resistant
cells. Moreover, increasing the drug concentration during
selection resulted in emergence of different types of resistant
clone, so that the drug resistance could be caused in different
manners, depending on drug treatment conditions.
Concerning the downstream targets of AKT in our five BI

2536-resistant cells, phosphorylation levels of Ser-9 on
GSK-3b, a hallmark of AKT activation, were not completely
paralleled with the degree of PLKi resistance in five BI 2536-

Fig. 6. Resistance to polo-like kinase inhibitors (PLKis) mediated by AKT3. (a) Sensitivity to BI 6727 in WT-AKT3-transfected cells. HeLa cells were
transiently transfected with a WT-AKT3-expressing plasmid. At 24 h after transfection, cells were treated with BI 6727 (0, 3, 10, or 30 nmol/L) for
an additional 24 h. The cells were washed, replated, cultured for 14 days in drug-free growth medium, and stained with 0.5% crystal violet.
*P < 0.05. (b) BI 6727-induced sub-G1 population in WT- and myristoylated (Myr)-AKT3-transfected cell lines. HeLa cells transfected with a WT
and Myr-AKT3-expressing plasmid were treated with BI 6727 (0 or 20 nmol/L) at 24 h after transfection. After drug treatment for 48 h, the cells
were stained with propidium iodide (PI) and the apoptotic sub-G1 population was examined with flow cytometry. Red and green lines indicate
the counts of WT- and Myr-AKT3-transfected cells, respectively. (c) Sensitivity to PLKis in the WT-AKT3-transfected cell lines. WT-AKT3–hemagglu-
tinin (HA) expression in HCT 116 transfectant cell lines (cl.3-4, cl.4-13, and cl.4-29) was examined by Western blot analysis using an anti-HA anti-
body (left panels). Stable WT-AKT3-expressing transfectants were treated with PLKis for 96 h and subjected to WST-8 assay. (d) Sensitivity to
PLKis in Myr-AKT3-transfected cell lines. Myr-AKT3–HA expression in HCT 116 transfectant cell lines (DA-14, -18, and -36) was examined by Wes-
tern blot analysis using an anti-HA antibody (left panels). Stable Myr-AKT3-expressing transfectants were treated with PLKis for 96 h and sub-
jected to WST-8 assay. (e) BI 6727-induced caspase activation in Myr-AKT3-transfected cell lines. Cells were treated with BI 6727 (100 nmol/L) for
48 h. Levels of cleaved caspase (CASP)-3, -8, and -9 were examined by Western blot analysis.
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resistant cells. We speculate that undermined pathway might
participate in high levels of Ser-9 phosphorylation on GSK-3b
in BI 10-1-5, BI 10-1-10, and BI 20-1 cells, because Ser-9 of
GSK-3b is phosphorylated by multiple protein kinase, includ-
ing AKT, protein kinase A, protein kinase C, p70 S6 kinase,
and other kinases.(33)

In addition, MYC-knockdown cells showed different sensi-
tivities to PLKi, BI2536, BI 6727, and GSK461364. BI 2536
and BI 6727 potently inhibit PLK1 as well as PLK2 and
PLK3, and the inhibitor-induced G2/M arrest was followed by
strong induction of apoptosis.(13) In contrast, GSK461364 has
selectivity for PLK1 compared with PLK2 and PLK3, and the
high concentration of GSK461364 induces G2 delay rather than
mitotic arrest.(34) Thus, pharmacological phenotypes of
GSK461364 seem to be different from those of BI 2536 and
BI 6727, especially regarding apoptosis-inducing effects at
higher concentrations.
The strong expression of MYC sensitizes cells to cytotoxic

anticancer drugs and mediates various types of apoptosis, sug-
gesting that MYC has pro-apoptotic activity.(35) Conversely,
the activation of the AKT pathway contributes to cell survival
by phosphorylating various apoptosis-associated mole-
cules.(36,37) Therefore, the downregulation of MYC and the
upregulation of AKT3 would increase the possibility of

evading the apoptosis induced by PLKis. Several studies have
reported that MYC activates FAS death signaling and caspase-
8-initiated apoptosis,(38) and that AKT suppresses both MYC-
and FAS-mediated apoptosis.(39,40) These findings indicate that
the AKT pathway potentially antagonizes MYC-dependent
apoptosis. Consistent with these studies, we have shown that
PLKi-induced apoptosis depends on MYC and caspase-8, but
that AKT3 antagonizes this apoptosis (Figs 4,5). As apoptosis
resistance is thought to be involved in drug resistance,(28) our
results suggest that the downregulation of MYC and the upreg-
ulation of AKT3 might influence the effectiveness of PLKis.
Overall, our findings indicate that the expression levels of P-
GP, MYC, caspase-8, and AKT3 are candidate biomarkers of
cell sensitivity to PLKis.

Acknowledgment

This work was supported, in part, by Grants-in-Aid from the Japan
Society for the Promotion of Science KAKENHI (S1411004,
15K14409, and 26460076).

Disclosure Statement

The authors have no conflict of interest.

References

1 de Carcer G, Manning G, Malumbres M. From Plk1 to Plk5: functional evo-
lution of polo-like kinases. Cell Cycle 2011; 10: 2255–62.

2 Lake RJ, Jelinek WR. Cell cycle- and terminal differentiation-associated reg-
ulation of the mouse mRNA encoding a conserved mitotic protein kinase.
Mol Cell Biol 1993; 13: 7793–801.

3 Kumagai A, Dunphy WG. Purification and molecular cloning of Plx1, a
Cdc25-regulatory kinase from Xenopus egg extracts. Science 1996; 273:
1377–80.

4 Smith MR, Wilson ML, Hamanaka R et al. Malignant transformation of
mammalian cells initiated by constitutive expression of the polo-like kinase.
Biochem Biophys Res Commun 1997; 234: 397–405.

5 Takai N, Hamanaka R, Yoshimatsu J et al. Polo-like kinases (Plks) and can-
cer. Oncogene 2005; 24: 287–91.

6 Lowery DM, Lim D, Yaffe MB. Structure and function of polo-like kinases.
Oncogene 2005; 24: 248–59.

7 Liu X, Erikson RL. Polo-like kinase (Plk)1 depletion induces apoptosis in
cancer cells. Proc Natl Acad Sci U S A 2003; 100: 5789–94.

8 Ohkura H, Hagan IM, Glover DM. The conserved Schizosaccharomyces
pombe kinase plo1, required to form a bipolar spindle, the actin ring, and
septum, can drive septum formation in G1 and G2 cells. Genes Dev 1995; 9:
1059–73.

9 Olmos D, Barker D, Sharma R et al. Phase I study of GSK461364, a specific
and competitive polo-like kinase 1 inhibitor, in patients with advanced solid
malignancies. Clin Cancer Res 2011; 17: 3420–30.

10 Steegmaier M, Hoffmann M, Baum A et al. BI 2536, a potent and selective
inhibitor of polo-like kinase 1, inhibits tumor growth in vivo. Curr Biol
2007; 17: 316–22.

11 Schoffski P, Awada A, Dumez H et al. A phase I, dose-escalation study of
the novel polo-like kinase inhibitor volasertib (BI 6727) in patients with
advanced solid tumours. Eur J Cancer 2012; 48: 179–86.

12 Liu X. Targeting polo-like kinases: a promising therapeutic approach for
cancer treatment. Transl Oncol 2015; 8: 185–95.

13 Rudolph D, Steegmaier M, Hoffmann M et al. BI 6727, a Polo-like kinase
inhibitor with improved pharmacokinetic profile and broad antitumor activ-
ity. Clin Cancer Res 2009; 15: 3094–102.

14 Dohner H, Lubbert M, Fiedler W et al. Randomized, phase 2 trial of low-
dose cytarabine with or without volasertib in AML patients not suitable for
induction therapy. Blood 2014; 124: 1426–33.

15 Holohan C, Van Schaeybroeck S, Longley DB et al. Cancer drug resistance:
an evolving paradigm. Nat Rev Cancer 2013; 13: 714–26.

16 Wu CP, Hsiao SH, Sim HM et al. Human ABCB1 (P-glycoprotein) and
ABCG2 mediate resistance to BI 2536, a potent and selective inhibitor of
Polo-like kinase 1. Biochem Pharmacol 2013; 86: 904–13.

17 Wu CP, Hsiao SH, Luo SY et al. Overexpression of human ABCB1 in can-
cer cells leads to reduced activity of GSK461364, a specific inhibitor of
polo-like kinase 1. Mol Pharm 2014; 11: 3727–36.

18 Wu CP, Hsieh CH, Hsiao SH et al. Human ATP-Binding cassette transporter
ABCB1 confers resistance to volasertib (BI 6727), a selective inhibitor of
polo-like kinase 1. Mol Pharm 2015; 12: 3885–95.

19 Burkard ME, Santamaria A, Jallepalli PV. Enabling and disabling polo-like
kinase 1 inhibition through chemical genetics. ACS Chem Biol 2012; 7: 978–
81.

20 Yoshioka H, Noguchi K, Katayama K et al. Functional availability of
gamma-herpesvirus K-cyclin is regulated by cellular CDK6 and p16INK4a.
Biochem Biophys Res Commun 2010; 394: 1000–5.

21 Katayama K, Masuyama K, Yoshioka S et al. Flavonoids inhibit breast can-
cer resistance protein-mediated drug resistance: transporter specificity and
structure-activity relationship. Cancer Chemother Pharmacol 2007; 60: 789–
97.

22 Sato W, Fukazawa N, Nakanishi O et al. Reversal of multidrug resistance
by a novel quinoline derivative, MS-209. Cancer Chemother Pharmacol
1995; 35: 271–7.

23 Strebhardt K, Ullrich A. Targeting polo-like kinase 1 for cancer therapy. Nat
Rev Cancer 2006; 6: 321–30.

24 Ellis PM, Leighl NB, Hirsh V et al. A randomized, open-label phase II trial
of volasertib as monotherapy and in combination with standard-dose peme-
trexed compared with pemetrexed monotherapy in second-line treatment for
non-small-cell lung cancer. Clin Lung Cancer 2015; 16: 457–65.

25 Pujade-Lauraine E, Selle F, Weber B et al. Volasertib versus chemotherapy
in platinum-resistant or -refractory ovarian cancer: a randomized phase II
groupe des investigateurs nationaux pour l’etude des cancers de l’ovaire
study. J Clin Oncol 2016; 34: 706–13.

26 Stadler WM, Vaughn DJ, Sonpavde G et al. An open-label, single-arm,
phase 2 trial of the Polo-like kinase inhibitor volasertib (BI 6727) in patients
with locally advanced or metastatic urothelial cancer. Cancer 2014; 120:
976–82.

27 Levitzki A. Tyrosine kinase inhibitors: views of selectivity, sensitivity, and
clinical performance. Annu Rev Pharmacol Toxicol 2013; 53: 161–85.

28 Tsuruo T, Naito M, Tomida A et al. Molecular targeting therapy of can-
cer: drug resistance, apoptosis and survival signal. Cancer Sci 2003; 94:
15–21.

29 Ciceri P, Muller S, O’Mahony A et al. Dual kinase-bromodomain inhibitors
for rationally designed polypharmacology. Nat Chem Biol 2014; 10: 305–12.

30 Chen L, Yap JL, Yoshioka M et al. BRD4 structure-activity relationships of
dual PLK1 kinase/BRD4 bromodomain inhibitor BI-2536. ACS Med Chem
Lett 2015; 6: 764–9.

31 Cross DA, Alessi DR, Cohen P et al. Inhibition of glycogen synthase
kinase-3 by insulin mediated by protein kinase B. Nature 1995; 378: 785–9.

© 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Cancer Sci | December 2016 | vol. 107 | no. 12 | 1886

Original Article
MYC and AKT3 as biomarkers for PLK inhibitors www.wileyonlinelibrary.com/journal/cas



32 Sears R, Nuckolls F, Haura E et al. Multiple Ras-dependent phosphorylation
pathways regulate Myc protein stability. Genes Dev 2000; 14: 2501–2514.

33 Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-3 (GSK3): regula-
tion, actions, and diseases. Pharmacol Ther 2015; 148: 114–31.

34 Gilmartin AG, Bleam MR, Richter MC et al. Distinct concentration-depen-
dent effects of the polo-like kinase 1-specific inhibitor GSK461364A, includ-
ing differential effect on apoptosis. Cancer Res 2009; 69: 6969–77.

35 Hoffman B, Liebermann DA. Apoptotic signaling by c-MYC. Oncogene
2008; 27: 6462–72.

36 Kennedy SG, Wagner AJ, Conzen SD et al. The PI 3-kinase/Akt signaling
pathway delivers an anti-apoptotic signal. Genes Dev 1997; 11: 701–13.

37 Cardone MH, Roy N, Stennicke HR et al. Regulation of cell death protease
caspase-9 by phosphorylation. Science 1998; 282: 1318–21.

38 Hueber AO, Zornig M, Lyon D et al. Requirement for the CD95 receptor-
ligand pathway in c-Myc-induced apoptosis. Science 1997; 278: 1305–9.

39 Kauffmann-Zeh A, Rodriguez-Viciana P, Ulrich E et al. Suppression of c-
Myc-induced apoptosis by Ras signalling through PI(3)K and PKB. Nature
1997; 385: 544–8.

40 Rohn JL, Hueber AO, McCarthy NJ et al. The opposing roles of the Akt
and c-Myc signalling pathways in survival from CD95-mediated apoptosis.
Oncogene 1998; 17: 2811–8.

Cancer Sci | December 2016 | vol. 107 | no. 12 | 1887 © 2016 The Authors. Cancer Science published by John Wiley & Sons Australia, Ltd
on behalf of Japanese Cancer Association.

Original Article
www.wileyonlinelibrary.com/journal/cas Nonomiya et al.


