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Abstract

Purpose—To identify new therapeutic targets for non-small cell lung cancer (NSCLC), we 

systematically searched 2 cancer cell line databases for sensitivity data on a broad range of drugs. 

We identified polo-like kinase 1 (PLK1) as the most promising target for further investigation 

based on a subset of sensitive NSCLC cell lines and inhibitors that were in advanced clinical 

development.

Experimental Design—To identify potential biomarkers of response of NSCLC to PLK1 

inhibition and mechanisms of PLK1 inhibitor-induced apoptosis, integrated analysis of gene and 

protein expression, gene mutations, and drug sensitivity was performed using 3 PLK1 inhibitors 

(volasertib, BI2536, and GSK461364) with a large panel of NSCLC cell lines.
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Results—The NSCLC cell lines had different sensitivities to PLK1 inhibition, with a minority 

demonstrating sensitivity to all 3 inhibitors. PLK1 inhibition led to G2/M arrest, but only 

treatment-sensitive cell lines underwent substantial apoptosis following PLK1 inhibition. NSCLC 

lines with high epithelial-mesenchymal transition gene signature scores (mesenchymal cell lines) 

were more sensitive to PLK1 inhibition than were epithelial lines (P < 0.02). Likewise, proteomic 

profiling demonstrated that E-cadherin expression was higher in the resistant cell lines than in the 

sensitive ones (P < 0.01). Induction of an epithelial phenotype by expression of the microRNA 

miR-200 increased cellular resistance to PLK1 inhibition. Also, KRAS mutation and alterations in 

the tight-junction, ErbB, and Rho signaling pathways correlated with drug response of NSCLC.

Conclusions—In this first reported large-scale integrated analysis of PLK1 inhibitor sensitivity, 

we demonstrated that epithelial-mesenchymal transition leads to PLK1 inhibition sensitivity of 

NSCLC cells. Our findings have important clinical implications for mesenchymal NSCLC, a 

significant subtype of the disease that is associated with resistance to currently approved targeted 

therapies.
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Introduction

Polo-like kinases (PLKs) are 5 highly conserved serine/threonine kinases. PLK1 is the best 

characterized member of this kinase family, and its overexpression transforms 3T3 cells. 

PLK1 regulates centrosomes at the G2/M transition and orchestrates cell-cycle progression 

and response to DNA damage (1). Whereas PLK1 is scarcely detectable in most normal 

adult tissues, it is overexpressed in many tumors, and its overexpression is associated with 

poor prognosis for non-small cell lung cancer (NSCLC) (2). A subset of patients with 

refractory NSCLC have responses to PLK1 inhibition, and authors have experienced long-

term disease control (3, 4). A predictive biomarker of response to treatment with PLK1 

inhibitors has yet to be identified.

Researchers have identified several potential candidate biomarkers to predict PLK1 inhibitor 

sensitivity, however. In a genome-wide RNA interference screen to identify synthetic lethal 

interactions of kinases with the KRAS oncogene in a pair of isogenic colon cancer cell lines, 

a short hairpin RNA against PLK1 was more toxic in KRAS-mutant cells than in cells wild-

type for KRAS. Another study confirmed this effect of the PLK1 inhibitor BI2536 (5). Also, 

PLK1 overexpression was significantly associated with the presence of TP53 mutations in 

breast and lung tumors (6, 7). Cell line screening with the PLK1 inhibitor GSK461364 

demonstrated that cells with loss of p53 expression were more sensitive to treatment with 

GSK461364 than were cells with intact p53 expression. The more sensitive lines also had 

higher levels of chromosome instability than did the resistant cells (8). In contrast, loss of 

TP53 expression in isogenic colon cancer lines did not affect PLK1 inhibitor sensitivity 

unless the cells were exposed to ionizing radiation (9). Finally, PLK1 inhibitors were 

particularly toxic to glioblastoma and breast cancer stem cells (10, 11).
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To enhance future clinical translation of our research, we chose to examine 3 PLK1 

inhibitors that were the most advanced in clinical development and for which we had safety 

and pharmacokinetic data: BI2536, volasertib, and GSK461364. All 3 are ATP-competitive 

kinase inhibitors. BI2536 and volasertib (Boehringer Ingelheim) are dihydropteridinone 

derivatives. Characterization of these inhibitors using in vitro kinase assays demonstrated 

that BI2536 inhibited PLK1, PLK2, and PLK3 activity at IC50s of 0.83, 3.50, and 9.00 nM, 

respectively, and exhibited 1000-fold greater selectivity for PLK1 than for a panel of 63 

other kinases (12). In comparison, volasertib inhibited PLK1, PLK2, and PLK3 at IC50s of 

0.87, 5.00, and 56.00 nM, respectively. In vivo, volasertib has more sustained tumor 

exposure, a higher volume of distribution, and a longer terminal half-life than does BI2536 

(13). GSK461364 (GlaxoSmithKline) has an IC50 of 2.2 nM, with 400-fold greater potency 

for PLK1 than for PLK2 (IC50, ~860 nM) and PLK3 (IC50, ~1000 nM) and 1000-fold 

greater selectivity for PLK1 than for a panel of 48 other kinases (14).

In the present study, to identify potential biomarkers of response of NSCLC to treatment 

with PLK1 inhibitors and mechanisms of PLK1 inhibitor-induced apoptosis in NSCLC cells, 

we performed an integrated analysis of gene expression, protein expression, gene mutations, 

and drug sensitivity in a large panel of NSCLC cell lines. In addition to examining 

correlations with all 3 inhibitors individually, we analyzed a group of cell lines that were 

consistently sensitive or resistant to them (termed universal cell lines) to reduce the potential 

for off-target drug effects and confirmed our results using PLK1 knockdown in NSCLC 

cells. To demonstrate the functional significance of the correlation with EMT, we induced an 

epithelial or mesenchymal phenotype in NSCLC cells and measured their sensitivity to 

PLK1 inhibition.

Materials and Methods

Materials

Anti-PLK1 (Invitrogen); anti-phosphorylated Myt1 (Thr495) and Myt1 (Thermo Fisher 

Scientific); anti-poly(ADP-ribose) polymerase, -cleaved poly(ADP-ribose) polymerase, -

phosphorylated translational controlled tumor protein (TCTP; Ser46), -cyclin B1, -E-

cadherin, -vimentin, -β-catenin, and -Snail (Cell Signaling Technology); anti-TCTP 

(Abcam); and anti-β-actin (Sigma) antibodies were used. The PLK1 inhibitors BI2536, 

volasertib, and GSK461364 were purchased from Selleck Chemicals and prepared as 10-

mM stock solutions in dimethyl sulfoxide. Predesigned sets of 4 independent small 

interfering RNA (siRNA) sequences of the target genes PLK1 and CDH1 (siGENOME 

SMARTpool; Dharmacon) were used. Human transforming growth factor-β1 was purchased 

from Cell Signaling Technology.

Cell culture and characterization

Sixty-three human NSCLC cell lines were authenticated via DNA fingerprinting, routinely 

tested for the presence of Mycoplasma species, and maintained as described previously (15). 

The cell line Cal-12T was purchased from The Leibniz Institute DSMZ. The cell lines’ 

mutational profiles for 264 genes (Supplementary Table S1) were obtained from COSMIC 

(version 67; http://cancer.sanger.ac.uk/cosmic) and the Cancer Cell line Encyclopedia (16). 
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Baseline mRNA (48,804 probe sets) and protein (193 proteins and phosphoproteins) 

expression levels were determined using Illumina and reverse-phase protein arrays, 

respectively, as described previously (17, 18).

Cell viability assays

Fifty NSCLC cell lines were incubated with dimethyl sulfoxide (vehicle control), BI2536, or 

volasertib for 120 hours at 9 distinct concentrations, with the maximum dose being the peak 

drug concentration in humans (Cmax): 1.6 μM for BI2536 and 1.2 μM for volasertib (4, 19). 

Cell viability was measured using an MTT assay as described previously (20). In addition, 

63 NSCLC cell lines were incubated with dimethyl sulfoxide or GSK461364 for 72 hours at 

7 distinct concentrations, with the maximum dose being the Cmax (1 μM) (21). A CellTiter-

Glo luminescent cell viability assay (Promega) was performed as per the manufacturer's 

specifications. For both assays, 6 replicates were tested at each concentration, and each test 

was completed at least twice on different days.

For colony formation assays, cells were treated for 24 hours with dimethyl sulfoxide or 

volasertib and then incubated in a drug-free medium for 14-21 days. Plates were stained 

with crystal violet, and the total colony area per well was estimated using the ImageJ 

software program (National Institutes of Health) as described previously (22).

Statistical analysis

IC50 and IC70 values were estimated using the best-fit dose-response model selected by 

calculating the residual standard error using the R software program drexplorer (23).

Gene expression data were available for 43 of the 50 cell lines treated with BI2536 or 

volasertib and 50 of the 63 lines treated with GSK461364. Gene expression and drug 

sensitivity data were available for 41 cell lines treated with all 3 drugs. Reverse-phase 

protein array data were obtained as described previously (17, 18, 24) and available for 44 

lines treated with BI2536 or volasertib and 45 lines treated with GSK461364. Among the 

cell lines that were consistently sensitive or resistant to treatment with all 3 drugs (universal 

group), gene expression data were available for 10 sensitive and 11 resistant lines, and 

protein expression data were available for 10 sensitive and 13 resistant lines.

To compare gene and protein expression patterns in cell lines resistant and sensitive to the 3 

drugs, 2-sample t-tests were performed on a gene-by-gene or protein-by-protein basis. To 

adjust for multiple testing, the beta-uniform mixture model was applied to modeling P 
values to select an appropriate false-discovery rate cutoff (25). For correlations between drug 

sensitivity and gene mutations, we performed the Fisher exact test. Additionally, 

associations between drug sensitivity and epithelial-mesenchymal transition (EMT) score 

(17, 26) were evaluated using 2-sample t-tests.

To evaluate pre-established signatures for KRAS dependency (27) and chromosomal 

instability (28), a 2-way hierarchical clustering technique (17) was applied to the data set to 

produce heatmaps. Correlation of the sensitivities to the 3 study drugs was analyzed using 

the chi-square test. The Fisher exact test was performed for assessment of associations 
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between pairs of drugs. All statistical analyses were performed using the R programming 

language (29).

Pathway analysis was performed with the Ingenuity Pathway Analysis tool (QIAGEN) using 

gene sets as described in the Results section.

The animal data had repeated tumor size measurements at different time points. Therefore 

we considered the correlations between the measurements on the same subject. We fit this 

linear model (with treatment, time effect and its interaction effect) using the generalized 

least squares (GLS) method. The parameters were estimated by maximizing restricted log-

likelihood (REML) method. We used the Akaike information criterion (AIC) for selecting 

the best correlation structure. The analysis was performed using nlme package in R (version 

3.1.3).

Cell-cycle analysis and apoptosis assays

For cell-cycle analysis, cells were harvested, fixed, incorporated with bromodeoxyuridine 

(BrdU), and stained with 7-aminoactinomycin D (BrdU Flow kit; BD Biosciences). The 

DNA content was analyzed using a cytofluorimeter, a fluorescence-activated cell sorter 

(FACScan; Becton Dickinson), and the ModFit software program (Verity Software House) 

(20). Terminal deoxynucleotidyl transferase dUTP nick end labeling staining (APO-BrdU 

kit; BD Biosciences) was performed to measure apoptosis, and bromodeoxyuridine 

incorporation was quantitated using fluorescence-activated cell sorting (BrdU Flow kits; BD 

Biosciences) according to the manufacturer's protocols.

Western blotting and immunoprecipitation

NSCLC cells were lysed on ice, and the lysates were centrifuged at 20,000 g for 5 minutes at 

4°C as described previously (30). For immunoprecipitation, lysates were precleared, 

incubated with an anti-TCTP antibody, and washed as described previously (30). Whole-

celllysates containing 30-50 μg of proteins (Western blot analysis) or immunoprecipitates 

were separated using sodium dodecyl sulfate-polyacrylamide gel electrophoresis, 

immunoblotted with the indicated primary antibodies, and detected using a horseradish 

peroxidase-conjugated secondary antibody (Bio-Rad) and an enhanced chemiluminescence 

reagent (Amersham Biosciences).

Transfections

NSCLC cells were transduced using Lipofectamine LTX or lentiviral delivery of pTRIPz–

miR-200, pc-DNA3.1-ZEB1, or a control vector. Lentiviruses were produced by co-

transfecting HEK-293 cells with 1.5 μg of the viral packaging vector psPAX2, 0.5 μg of the 

viral envelope vector pMD2.G, and 2 μg of pTRIPz–miR-200 or the control vector using 

Lipofectamine LTX. The HEK-293 cell medium was changed 24 hours after transfection, 

and the cells were incubated at 37°C for 48 hours to allow for virus production. After 48 

hours, HEK-293 media containing viral particles were transferred onto NSCLC cell culture 

plates and incubated at 37°C for 48 hours. After transduction, fresh RPMI 1640 medium 

with 10% fetal bovine serum was added to the cell culture plates, and the cells were allowed 

to recover for 24 hours. Cells were selected using 3 μg/mL puromycin in miR-200 
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expressing cells and 500 μg/mL G418 in ZEB1-expressing cells, and 2 μg/mL doxycycline 

was used for induction. Induced RFP expression was used to visually verify successfully 

infected cells. H1299 cells expressing miR-200 were sorted using flow cytometry for RFP 

positivity to obtain a transfected cell population.

For siRNA transfection, NSCLC cells were harvested, washed, and suspended (106 cells/100 

μL) in Nucleofector Solution V (Amaxa), and siRNA (200 pmol/100 μL) was added to the 

cells. The cells were then electroporated using Nucleofector program U24 (Amaxa) as 

described previously (30).

NSCLC xenograft models

All animal research was conducted in accordance with The University of Texas MD 

Anderson Cancer Center Institutional Animal Care and Use Committee policies as described 

previously (31). Briefly, 40 female 6-week-old Swiss nu/nu mice were injected 

subcutaneously with 4 million H1975 or Calu6 cells. When visible tumors developed, 

(32)the mice were stratified according to tumor size into 2 groups and then randomly 

assigned intravenous treatment with a vehicle control or volasertib at 30 mg/kg weekly for 3 

weeks or sooner if tumor burden was excessive. Following euthanasia, E-Cadherin and Ki67 

immunohistochemistry was performed and scored as previously described (33).

Results

BI2536, volasertib, and GSK461364 inhibit PLK1 substrates in NSCLC cell lines

To confirm that treatment with BI2536, volasertib, and GSK461364 inhibits the activation of 

PLK1 in NSCLC cell lines, we measured the levels of PLK1 substrates, including 

phosphorylated TCTP and phosphorylated Myt1, in NSCLC cells treated with PLK1 

inhibitors at different time points and concentrations (Fig. 1). We tested both PLK1 

inhibitor-sensitive (H1792 and Calu-6) and -resistant (H322 and H358) NSCLC cell lines 

(PLK1 inhibitor sensitivity defined below). As expected, we observed decreases in the levels 

of phosphorylated TCTP and phosphorylated Myt1 following treatment with the PLK1 

inhibitors that were dose-dependent with the exception of GSK461364 at high doses (Fig. 

1A and B). Substrate inhibition persisted for 120 hours after administration of 1 dose; this 

was the maximal period the cells were exposed to drugs in the viability assays, confirming 

durable target inhibition. GSK461364 induced ABCB1, ABCG2, and ABCC1 expression at 

high concentrations, which likely led to a loss of PLK1 inhibition as suggested by the 

recovery of phosphorylated Myt1 (Supplementary Fig. S1). We also measured cyclin B1 

expression in the cells, as proteasomal degradation of cyclin B1 is PLK1-dependent. As 

expected, at time points later, cyclin B1 expression increased (Fig. 1C).

NSCLC cell lines have differing sensitivity to treatment with PLK1 inhibitors

The Genomics of Drug Sensitivity in Cancer project (http://www.cancerrxgene.org/) (16, 34) 

has drug sensitivity data on 14 NSCLC cell lines treated with 2 PLK1 inhibitors (Fig. 2A). 

We tested 50 NSCLC cell lines to determine their sensitivity to treatment with BI2536 

(Cmax, 1.6 μM) and volasertib (Cmax, 1.2 μM). To validate our findings, we also tested 63 

NSCLC lines to determine their sensitivity to GSK461364 (Cmax, 1 μM) (Fig. 2A-C). For 
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many cell lines, the dose-response curve plateaued at or near the IC50 (representative data 

shown in Fig. 1B and C), so we used IC70 values to distinguish treatment-sensitive and -

resistant cell lines. We considered cell lines with IC70 values greater than the Cmax to be 

resistant and those with IC70 values less than or equal to the Cmax to be sensitive. We termed 

the cell lines that were consistently sensitive or resistant (10 and 13 cell lines, respectively) 

to treatment with the 3 PLK1 inhibitors universal cell lines.

The sensitivities to the 3 drugs correlated at a P value of 1.4e-06 (chi-square test). When we 

compared the drug sensitivities pair-wise using the Fisher exact test, the correlation between 

the sensitivities to BI2536 and volasertib (P = 1.1e-06) was stronger than that between 

GSK461364 and volasertib (P = 0.186) and that between GSK461364 and BI2536 (P = 

0.020). We expected this result given these drugs’ similarities. To ensure that the observed 

sensitivity differences did not result from technical differences between the MTT and 

CellTiter-Glo assays, we tested the universal cell lines to determine their sensitivity to all 3 

drugs under identical conditions. Although the IC70 values were not identical using the 2 

assays, all of the universal cell lines remained sensitive or resistant to the treatment 

regardless of the assay used (Supplementary Table S2).

To independently measure drug sensitivity, we incubated 2 PLK1 inhibitor-sensitive and 2 

PLK1 inhibitor-resistant NSCLC cell lines with 50 nM volasertib for 24 hours and then 

measured colony formation 10-21 days later. In agreement with the results of the MTT 

assays, formation of sensitive cell colonies but not of resistant ones was markedly impaired 

(Fig. 2D). This result demonstrated the irreversibility of the effect of PLK1 inhibition on cell 

viability and is consistent with our subsequent experiments demonstrating that PLK1 

inhibition causes apoptosis of inhibitor-sensitive cell lines.

PLK1 inhibition and knockdown lead to cell-cycle arrest and apoptosis in NSCLC cell lines

The effect of PLK1 inhibition on the cell cycle is well characterized, and it typically leads to 

prometaphase arrest. We observed an increase in the number of NSCLC cells in G2/M and 

in the number of cells with greater than 4N DNA content (polyploid) in both volasertib-

sensitive and -resistant lines treated with this drug (Fig. 3A). In contrast, treatment with 

volasertib induced substantial apoptosis only in sensitive cell lines (Fig. 3C and D). To 

demonstrate the specificity of PLK1 inhibitors, we knocked down PLK1 expression in 

NSCLC cell lines using siRNA and observed G2/M arrest in all cell lines, with more 

apoptosis in the PLK1 inhibitor-sensitive lines than in the resistant ones (Fig. 3B-D).

Mesenchymal NSCLC cell lines are more sensitive to PLK1 inhibition than are epithelial 
NSCLC cell lines

To determine why the NSCLC cell lines had diverse sensitivities to PLK1 inhibition, we 

examined the relationship between drug sensitivity and basal gene/protein expression in cell 

lines resistant and sensitive to BI2536, volasertib, or GSK461364 and the universal cell 

lines. We discovered that the expression of several genes and proteins correlated with drug 

sensitivity (Supplementary Fig. S2, Supplementary Table S3 and S4). Also, E-cadherin and 

β-catenin (CTNNB1) were consistently expressed at higher levels in the resistant lines than 
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in the sensitive ones, and DNA-dependent protein kinase catalytic subunit and thymidylate 

synthase were consistently overexpressed in the sensitive lines.

We hypothesized that the genes that were expressed in all 4 groups of cell lines and that had 

the greatest differences in gene and protein expression between resistant and sensitive cell 

lines are the genes most likely to be involved in sensitivity—specifically, to PLK1 inhibition

—rather than off-target drug effects. After correction for multiple comparisons, none of the 

genes’ expression correlated with sensitivity to BI2536 or volasertib. As an exploratory 

analysis, we examined probe sets with at least a 2-fold difference in mean gene expression 

between sensitive and resistant lines and corresponding P values less than 0.05 for this 

difference. Using these criteria, we identified 39 probe sets (37 genes) that overlapped in the 

4 groups (Supplementary Table S5).

We next performed pathway analysis of cell lines with expression of genes that correlated 

with sensitivity to GSK461364 and the universal cell lines as well as the 39 overlapping 

probe sets described above. We observed that the tight-junction, ErbB, and Rho signaling 

pathways were altered significantly in multiple gene sets (Supplementary Table S6).

Based on the differential expression of E-cadherin (Fig. 4A and B) and the several genes 

involved in EMT as well as our observations that NSCLC cells with mesenchymal 

morphologies were more sensitive to PLK1 inhibition than were epithelial cells, we 

hypothesized that mesenchymal NSCLC cells are more sensitive than epithelial cells to 

PLK1 inhibition. To test this hypothesis, we examined the ability of a 76-gene EMT gene 

signature score developed by our group to distinguish PLK1 inhibition-sensitive and -

resistant cell lines and validated it using multiple data sets (17, 24, 26). EMT scores were 

highly correlated with sensitivity to PLK1 inhibition in cell lines sensitive to any of the 3 

study drugs, particularly in universal cell lines (Fig. 4C). Cell lines with higher EMT scores 

(mesenchymal) were more sensitive to treatment with PLK1 inhibitors than were cells with 

lower scores.

Induction of an epithelial or mesenchymal phenotype affects sensitivity of NSCLC cell 
lines to PLK inhibition

To determine whether the correlation between EMT score and drug sensitivity was 

functionally significant, we manipulated NSCLC cells and found that PLK1 inhibition 

predominantly led to apoptosis in mesenchymal cells and cell-cycle arrest in epithelial ones. 

Specifically, we transfected NSCLC cell lines with miR-200b and miR-200ab, which induce 

an epithelial protein expression pattern and phenotype (35). In H1299 and H157 cells, 

transfection with miR-200b and miR-200ab, respectively, led to increased expression of E-

cadherin and decreased expression of vimentin. In agreement with the finding that epithelial 

NSCLC cell lines were more resistant than mesenchymal cells to PLK1 inhibition, induction 

of an epithelial phenotype increased the cell lines’ resistance to treatment with volasertib, 

with IC70 values increasing from 226 nM to greater than 1200 nM in H157 cells and from 

253 nM to greater than 1200 nM in H1299 cells (Fig. 5A). The induction of a mesenchymal 

phenotype by ZEB1 overexpression (Fig. 5B) or transforming growth factor-β (Fig. 5C, 

Supplementary Fig. S3) led to an increase in volasertib-induced apoptosis and sensitivity to 

treatment with volasertib.
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Owing to the striking correlation of PLK1 inhibitor sensitivity with E-cadherin expression, 

we examined the effect of knocking down E-cadherin expression on volasertib sensitivity in 

NSCLC cells. E-cadherin knockdown alone was not sufficient to change the biological 

effects of PLK1 inhibition on these cells (Supplementary Fig. S4).

PLK1 inhibition leads to decreased NSCLC tumor size in vivo

We examined the effect of PLK1 inhibition via treatment with volasertib on mouse xenograft 

models of NSCLC using mesenchymal (Calu6) and epithelial (H1975) cell lines. In the 

epithelial tumors, we observed a nonsignificant trend of decreased tumor growth with this 

treatment (P = 0.56). Nonparallel mean curves diverged progressively over time, suggesting 

that a significant difference with treatment may have occurred if volasertib could have been 

administered longer (Fig. 6A). In contrast, treatment with volasertib resulted in decreased 

mesenchymal NSCLC tumor size in vivo (P = 0.008) (Fig. 6B).

NSCLC cell lines with KRAS mutations are more sensitive to PLK1 inhibition than are cell 
lines wild-type for KRAS

We examined the correlation between mutations of 264 genes that are commonly mutated in 

cancer (Supplementary Table S1) and the drug sensitivity of all NSCLC cell lines treated 

with BI2536 or volasertib and for 63 cell lines treated with GSK461364. More NSCLC cell 

lines with KRAS mutations than cell lines wild-type for KRAS were sensitive to PLK1 

inhibition (Supplementary Table S7). No gene mutations other than that of KRAS correlated 

with sensitivity to more than 1 drug. We also examined the co-occurrence of other gene 

mutations in the KRAS-mutant population because such co-mutations may define subgroups 

of NSCLC with distinct clinical outcomes and drug sensitivities. We did not find any 

statistical correlations between PLK1 inhibitor sensitivity and the presence of LKB1 or 

TP53 mutations in KRAS-mutant tumors, possibly because the absolute numbers of cell 

lines in these groups were small (Supplementary Table S8).

To further characterize NSCLC cell lines with KRAS mutations we applied an established 

KRAS dependency signature to KRAS-mutant NSCLC cell lines (27). KRAS-dependent 

NSCLC cell lines, defined as those that undergo apoptosis when KRAS expression in them 

is knocked down, exhibited a classical epithelial morphology, whereas KRAS-independent 

cells had a mesenchymal phenotype. In an unsupervised analysis, KRAS-independent cell 

lines were sensitive to treatment with GSK461364 (P = 0.0052), but the other 2 drugs and 

the universal lines were not (Supplementary Fig. S5A).

Chromosomal instability markers, TP53 mutation, PLK1 expression, histology, and basal 
ABC transporter expression do not correlate with response to PLK1 inhibition in NSCLC 
cell lines

Given the relationship between PLK1 function and chromosomal stability (36), we evaluated 

the association between markers of chromosomal instability and PLK1 inhibitor sensitivity 

using a signature of 70 genes (59 available in our data set) (28). In an unsupervised 

clustering analysis, we did not observe enrichment of PLK1 inhibition-sensitive or -resistant 

NSCLC cell lines in any clusters (Supplementary Fig. S5B). To validate candidate 

biomarkers of response according to the available literature (6, 7) (8), we examined the 
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correlation of TP53 mutational status (Fisher exact test), PLK1 gene expression (2-sample t-
test), NSCLC histology (Fisher exact test), and expression of the ABC transporters ABCB1 

and ABCG2 (2-sample t-test) with sensitivity to treatment with the 3 PLK1 inhibitors. We 

did not find any statistically significant correlations (P > 0.05).

Discussion

Our study is the first large-scale integrated analysis of gene expression, protein expression, 

gene mutations, and PLK1 inhibitor sensitivity that we conducted to identify potential 

mechanisms of PLK1 inhibitor-induced apoptosis of NSCLC cells. We demonstrated that 

NSCLC cell lines have differing sensitivity to PLK1 inhibition, with a minority of them 

exhibiting sensitivity to multiple PLK1 inhibitors. This finding is consistent with results of 

clinical trials of PLK1 inhibitors in treatment of solid tumors that demonstrated low 

response rates (4-14%) with stable disease rates of 26-42% in unselected patients (3, 4, 37, 

38). Although both PLK1 inhibitor-sensitive and -resistant cell lines underwent G2/M arrest 

following PLK1 inhibition, only the sensitive cell lines underwent substantial apoptosis. E-

cadherin expression was higher in the resistant cell lines than in the sensitive ones. We 

discovered that NSCLC cell lines with high EMT scores (mesenchymal lines) were more 

sensitive to all 3 PLK1 inhibitors than were cell lines with low scores. In addition, forced 

induction of an epithelial phenotype led to drug resistance in the cells, and forced induction 

of a mesenchymal phenotype increased their drug sensitivity.

EMT is a dynamic and reversible process in which epithelial cells undergo morphological 

transition and acquire fibroblast-like characteristics through loss of adhesion and gain of a 

migratory, invasive phenotype. The tight-junction and Rho signaling pathways are related to 

EMT, and these pathways were enriched in the sensitive NSCLC cells in our study as 

evinced by differential gene expression. Tight junctions are crucial components of signaling 

pathways that regulate epithelial proliferation and differentiation, and the Rho family 

GTPases are essential for epithelial cell polarity, tight-junction assembly, and actin 

cytoskeleton regulation (39). In agreement with our results, previous studies demonstrated 

that in breast cancer and glioblastoma cell lines, cancer stem cells, which are usually 

mesenchymal, are more sensitive to PLK1 inhibition than non-stem cells are (11, 40). To the 

best of our knowledge, no published studies have demonstrated a role for PLK family 

members in EMT. Potential mechanistic links with EMT are forkhead transcription factors, 

which, upon regulation by PLK1 (41), can affect mitotic progression (42) and EMT (43).

A limitation of our study was the poor correlation of the effects of treatment with BI2536 

and volasertib with those of treatment with GSK461364. The difference in the drugs’ effects 

may be attributed to differences in the drugs’ selectivity, as GSK461364 is more selective for 

PLK1 than are the other 2 drugs. Authors reported similar inconsistencies in 2 large-scale 

pharmacogenomic studies demonstrating good correlation of genomic data between the 

studies but highly discordant responses to the drugs (44). Additionally, we noted that in 

some NSCLC cell lines, higher drug concentrations had less of an effect on cell viability 

than did intermediate concentrations (Fig. 2B, cell line H358). Recently, Raab et al. (45) 

demonstrated a similar pattern in HeLa cells, with less apoptosis at higher drug 

concentrations, and discovered that treatment with BI2536 inhibits death-associated protein 

Ferrarotto et al. Page 10

Clin Cancer Res. Author manuscript; available in PMC 2017 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



kinase activity. In intact cells, this kinase was inhibited at BI2536 concentrations greater 

than 500 nM. Thus, in that study, the drugs may have inhibited tumor suppressors such as 

death-associated protein kinase at high concentrations.

We tested several potential biomarkers that were previously demonstrated to correlate with 

cancer cell line sensitivity to PLK1 inhibition, including PLK1 expression, TP53 mutation 

(6, 8), chromosomal instability (8), and ABCB1 or ABCG2 overexpression (46). Our 

findings were consistent with low rates of response of NSCLC to treatment with PLK1 

inhibitors in clinical trials despite a high prevalence of PLK1 overexpression in tumors (3, 4, 

21). Our findings did not preclude a role for ABCB1 or ABCG2 in drug resistance, as 

expression of these proteins can be induced following drug exposure. We also cannot 

exclude a role for chromosomal instability, as we tested only 59 of the 70 genes in the study 

signature, and that signature has yet to be validated in our NSCLC cell lines.

Our findings have important clinical implications and warrant further investigation in the 

clinical setting. For example, about 20% of NSCLC tumors have a mesenchymal phenotype 

(24, 26), and patients with such tumors may benefit from treatment with PLK1 inhibitors, 

one of which, volasertib, has received breakthrough designation for treatment of leukemia 

and has a favorable safety profile. Unfortunately, no tumor specimens from prior clinical 

trials are available for testing of our hypothesis, and published clinical data demonstrating 

that more aggressive solid tumors are more or less responsive to PLK1 inhibition than less 

aggressive ones are lacking. In addition to single-agent activity of PLK1 inhibitors, 

researchers have demonstrated synergism between PLK1 inhibitors and 2 chemotherapeutic 

agents commonly used for lung cancer: paclitaxel and gemcitabine (47). Additionally, EMT 

is one of the mechanisms that lead to loss of oncogene addiction (48). Specifically, NSCLC 

cell lines with mesenchymal gene signatures were markedly more resistant to epidermal 

growth factor receptor and phosphoinositide 3-kinase inhibitors than were those with an 

epithelial gene signature (17). A body of evidence also suggests the existence of phenotypic 

and molecular associations between chemoresistance and EMT, highlighting the importance 

of targeting cancer cells with mesenchymal phenotypes (49, 50). Another potential 

therapeutic application of PLK1 inhibition is in the adjuvant setting, when the population of 

cancer stem cells with mesenchymal phenotypes may be increased.

In conclusion, we identified a subset of NSCLC cell lines that are exquisitely sensitive to 

PLK1 inhibitors and strong correlations among mesenchymal gene expression patterns, 

tight-junction signaling, and sensitivity of NSCLC cell lines to treatment with PLK1 

inhibitors. Our findings support the use of the EMT score or E-cadherin expression to 

prospectively select NSCLC patients most likely to benefit from use of PLK1 inhibitors. 

This is the first published study directly linking PLK1 inhibition with EMT. We will aim our 

future studies at dissecting the mechanistic pathways that mediate PLK1 inhibitor-induced 

apoptosis. We also intend to test PLK1 inhibitors using NSCLC cell lines with acquired 

resistance to epidermal growth factor receptor inhibitor-based treatment and cytotoxic 

chemotherapy.
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Translational Relevance

Our finding that mesenchymal non-small cell lung cancer (NSCLC) is sensitive to polo-

like kinase 1 (PLK1) inhibition reported herein has several potential clinical applications. 

Epithelial-mesenchymal transition occurs in a considerable subset of NSCLC cases 

(≥20%) and can mediate loss of oncogene addiction, epidermal growth factor receptor 

inhibitor resistance, and chemotherapy resistance. Thus, PLK1 inhibitors may be 

particularly active in NSCLC patients in whom current therapies are ineffective. 

Additionally, PLK1 inhibitors may enhance the efficacy of chemotherapeutic agents 

commonly used for NSCLC. Given the availability of the PLK1 inhibitor volasertib, 

which has breakthrough status for leukemia and an favorable safety profile, as well as 

additional PLK1 inhibitors in clinical trials, these results have the potential to be 

translated into the clinic for the treatment of NSCLC and provide a strong rationale for 

using markers of epithelial-mesenchymal transition as candidate predictive markers for 

selecting NSCLC patients for treatment.
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Figure 1. 
PLK1 inhibitors inhibit the activation of PLK1 substrates in NSCLC cell lines. NSCLC cell 

lines were incubated with dimethyl sulfoxide (vehicle control), BI2536, volasertib, or 

GSK461364 at the indicated concentrations for 2 hours (A and B) or at 50 nM for the 

indicated periods (in hours; C). Cells were then lysed and subjected to Western blotting with 

the indicated primary antibodies (A and C) or immunoprecipitated with an anti-TCTP 

antibody (B). Quantitation of the p-TCTP bands is shown in B.
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Figure 2. 
NSCLC cell lines have diverse sensitivities to PLK1 inhibition. A, the sensitivity to 2 PLK1 

inhibitors in 14 NSCLC cell lines according to data obtained from the Genomics of Drug 

Sensitivity in Cancer (GDSC) database is shown at left. Each data point indicates the IC75 

for 1 cell line. NSCLC cell lines were treated with BI2536, volasertib, or GSK461364 for 

72-120 hours, and their viability was estimated using an MTT or CellTiter-Glo assay. Each 

data point on the right indicates the IC70 for 1 cell line. B and C, replicate data were graphed 

for each concentration, and the best dose-response model was selected using the residual 

standard error (RSE) method (representative data). The best model of 5 tested— Sigmoid 

Emax model (sigEmax), 4-parameter log-logistic model (LL.4), 5-parameter log-logistic 

model (LL.5), log linear model (linlog), and linear model (linear)—was then used to 

calculate the IC70 for each cell line. D, NSCLC cell lines were incubated with volasertib at 

the indicated concentrations for 24 hours; the medium was then changed to remove the drug, 

and colony formation was measured 14 days later. The names of sensitive cell lines (D) and 

data for sensitive cell lines (A) are shown in green, whereas those of and for resistant cell 

lines are shown in red.
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Figure 3. 
PLK1 inhibition or knockdown leads to cell-cycle arrest and apoptosis in NSCLC cell 

lines.NSCLC cells with different sensitivities to treatment with PLK1 inhibitors were treated 

with 50 nM volasertib (A and C) or transfected with siRNA against PLK1 (B and D). A and 

B, cell-cycle stages determined using 7-aminoactinomycin D and BrdU incorporation. C and 

D, apoptosis measurement using terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) staining and Western blotting of NSCLC cells for cleaved poly(ADP-

ribose) polymerase (PARP). *P ≤ 0.05. PLK1 inhibition-sensitive and -resistant cell lines are 

indicated in green and red, respectively.
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Figure 4. 
NSCLC cell lines with mesenchymal gene expression patterns are more sensitive to PLK1 

inhibition than are those with epithelial gene expression patterns. E-cadherin mRNA 

(CDH1; A) and protein (B) expression levels were significantly higher in PLK1 inhibition-

resistant cell lines than in sensitive ones. C, EMT scores for PLK1 inhibition-sensitive and -

resistant cell lines determined using a published signature (17). Data on KRAS-mutant cell 

lines are shown in red. D, E-cadherin and vimentin protein expression levels in 2 

representative cell lines according to Western blotting. PLK1 inhibition-sensitive and -

resistant cell lines are indicated in green and red, respectively.
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Figure 5. 
Mesenchymal cells are more sensitive to PLK1 inhibition than are epithelial cells in isogenic 

human NSCLC models. A, forced expression of miR-200 led to increased E-cadherin 

expression and decreased vimentin expression according to Western blotting and to 

volasertib resistance according to an MTT assay. Induction of a mesenchymal phenotype by 

ZEB1 expression (B) or 5 ng/mL transforming growth factor-β (C) led to volasertib 

sensitivity and increased volasertib-induced apoptosis. *P ≤ 0.05 compared with a control or 

as indicated. PLK1 inhibition-sensitive and -resistant cell lines are indicated in green and 

red, respectively.
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Figure 6. 
PLK1 inhibition leads to decreased mesenchymal NSCLC tumor growth in vivo. Mice 

bearing epithelial (H1975; A) or mesenchymal (Calu6; B) NSCLC tumors were given 30 

mg/kg volasertib intravenously each week or a vehicle control. Tumors were measured every 

3 days. Individual tumors are graphed as thin lines with markers. The mean tumor size is 

indicated by the thick solid line, with the standard deviation indicated in dark gray. (C) 

Tumors were subjected to immunohistochemical staining with Aperio digital analysis. The 

average percent of tumor cells positive for Ki67 (orange bars) and the average score for E-

cadherin (blue bars) were calculated with error bars representing standard deviation. Open 

bars, volasertib. Solid bars, control. *P ≤ 0.05 compared with control (no volasertib).
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