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Abstract

Anaplastic thyroid cancer (ATC) is among the most lethal malignancies. The mitotic kinase PLK1 

is overexpressed in the majority of ATCs and PLK1 inhibitors have shown preclinical efficacy. 

However, they also cause mitotic slippage and endoreduplication, leading to the generation of 

tetraploid, genetically unstable cell populations.

We hypothesized that PI3K activity may facilitate mitotic slippage upon PLK1 inhibition, and thus 

tested the effect of combining PLK1 and PI3K inhibitors in ATC models, in vitro and in vivo. 

Treatment with BI6727 and BKM120 resulted in a significant synergistic effect in ATC cells, 

independent of the levels of AKT activity. Combination of the two drugs enhanced growth 

suppression at doses for which the single drugs showed no effect, and led to a massive reduction of 

the tetraploid cells population. Furthermore, combined treatment in PI3Khigh cell lines showed a 

significant induction of apoptosis.

Finally, combined inhibition of PI3K and PLK1 was extremely effective in vivo, in an 

immunocompetent allograft model of ATC.

Our results demonstrate a clear therapeutic potential of combining PLK1 and PI3K inhibitors in 

anaplastic thyroid tumors.
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Introduction

Anaplastic thyroid carcinoma (ATCs) is an extremely aggressive tumor that most often 

presents at diagnosis with local invasion of the neck soft tissues, airway compromise, lymph 

node involvement, and distant metastasis [1, 2]. These features usually hinder surgical 

resection, making ATC one of the most lethal tumor types, with a median survival of less 

than 6 months [3]. No effective therapeutic regimens exist for ATC. Cytotoxic chemotherapy 

(doxorubicin and paclitaxel) is generally unable to prolong survival of ATC patients [4-6], 

while radiation therapy, alone or in conjunction with doxorubicin, has not shown any 

significant improvement in overall survival [4], although recent data seem to suggest a better 

outcome with intensity-modulated radiotherapy [7].

The poor outcome of these traditional therapeutic approaches is the result of several key 

features of ATC, such as elevated levels and activity of multidrug resistance proteins [8], 

strong activation of pro-survival pathways, and frequent chromosomal instability and 

aneuploidy [9].

The growing availability of targeted kinase inhibitors and immunomodulatory molecules, 

together with easier access to detailed tumor molecular characterization, have fostered the 

development and testing of combinatorial approaches that in several cases have shown 

promising results [10-12].

Up to 70% of human ATCs display loss or inactivation of TP53, while in up to 40% the 

PI3K cascade is constitutively activated through mechanisms that include PTEN loss and 

PIK3CA amplification or mutation [13, 14]. Additional common driver oncogenic mutations 

include BRAF [15] and RAS activating mutations [16].

We have previously described a genetically engineered mouse model of ATC, which 

faithfully recapitulates the features of human ATC [17]. Comparative analysis between 

mouse and human ATC expression datasets highlighted several common deregulated genes 

and pathways, including a “mitosis network” centered around PLK1 [17].

PLK1 is a mitotic regulator overexpressed in breast, colorectal, endometrial, ovarian, and 

pancreatic cancer [18]. It is also found overexpressed in the majority of ATCs [9, 19]. PLK1 

participates in multiple stages of mitosis, including mitotic entry, centrosome maturation, 

bipolar spindle formation, chromosome segregation, cytokinesis and mitotic exit [20]. A 

number of PLK1 inhibitors have been tested in the preclinical setting, with promising results 

[18, 21, 22]. However, clinical trials have found that therapeutic activity often occurs at or 

above the maximum tolerated doses, due to hematologic toxicity (neutropenia) [23-26]. We 

have previously reported that a PLK1 inhibitor, GSK461364A [18], is remarkably effective 

against mouse and human ATC cell lines characterized by different driver mutations, both in 

vitro and in an allograft model [27]. Interestingly, we also found that, in several cell lines, 

GSK461364A induced a polyploid cell population, which we hypothesized is the result of 

mitotic slippage and endoreduplication, the processes through which cells escape mitotic 

arrest and enter interphase without undergoing chromosome segregation and cytokinesis, 

thus producing tetraploid multinucleated cells [28, 29].
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This effect may contribute to limiting the clinical efficacy of PLK1 inhibition by generating 

genetically unstable, therapy-resistant cell sub-populations [30, 31]. In this manuscript, we 

build on these data to test the hypothesis that the mitotic slippage induced by PLK1 

inhibition is at least in part enabled by PI3K activation, as previously proposed in paclitaxel-

treated [32] and irradiated [33] cells, and that pharmacological inhibition of PI3K might 

enhance the efficacy and reduce the effective dose (and thus the toxicity) of a PLK1 

inhibitor.

Materials and Methods

Cells lines

All cell lines used in this study were maintained at 37°C with 5% CO2 in the culture media 

indicated in Table 1. Mouse cell lines were established from ATCs developed by genetically 

engineered mice [17, 34]. Cell line identity was validated by STS profiling as well as by 

amplifying and sequencing genomic fragments encompassing their known mutations.

Drug treatments and cell proliferation assay

The PLK1 inhibitor Volasertib (BI6727), and the PI3K inhibitors BKM120 and GDC0941 

were purchased from Selleck Chemicals and dissolved in DMSO. For drug sensitivity 

experiments all the inhibitors were added 12 hours after plating. Alamar Blue was directly 

added to the culture medium of treated and control cells after 72 hours of treatment. 

Fluorescence was measured using a plate reader (excitation 530nm, emission 590nm). 

Statistical analysis and EC50 value calculation were done using GraphPad Prism (GraphPad 

Software).

Compounds were diluted so that the DMSO concentration was kept at 0.1% in all samples. 

Volasertib (BI6727) was used between 1nM and 100nM, BKM120 was used between 

200nM and 2μM, and GDC0941 was used between 200nM and 5μM. Molar ratios between 

the drugs used in the combinations were established based on the ratios between the EC50 

concentrations for the single drugs.

Statistical analysis of drug synergy was done using the Chou-Talaly method [35] and the 

Calcusyn Software (Biosoft). To determine synergy between two drugs, the software uses a 

median-effect method that determines if the drug combination produces greater effects 

together than expected from the summation of their individual effects. The combination 

index (CI) values are calculated for the different dose-effect plots (for each of the serial 

dilutions) based on the parameters derived from the median-effect plots of the individual 

drugs or drug combinations at the fixed ratios. The CI was calculated based on the 

assumption of mutually nonexclusive drug interactions. Following the analysis proposed by 

Bijnsdorp et al. [36], we have considered CI values above 1.1 antagonistic, between 0.9 and 

1.1 additive, between 0.7 and 0.9 moderately synergistic, between 0.3 and 0.7 synergistic, 

and below 0.3 strongly synergistic. The Dose Reduction Index (DRI) denotes how many 

folds of dose reduction are allowed for each drug due to synergism when compared with the 

dose of each drug alone.
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Cell cycle analysis

For cell cycle analysis, cell lines were treated with DMSO (control), volasertib (EC50) and 

BKM120 (1μM).

Cells were harvested by trypsin treatment and fixed in 75% ethanol in ice for 30 min. After 

treatment with RNase (Genentech/Roche) for 5 min at room temperature, cells were stained 

with propidium iodide (BioSure) overnight, and DNA content was measured using a BD 

FACSCantoTM II system (BD Biosciences).

Apoptosis analysis

Cells were treated with DMSO (control), volasertib at EC50, and 1μM BKM120 for 24-72 

hours. At the end of treatment, cells were harvested by trypsinization. The supernatant was 

also collected. Cells were stained with Annexin V FITC and propidium iodide (BD 

Biosciences) for 15 minutes at room temperature in the dark. Samples were analyzed by 

flow cytometry within 1 hour using a BD FACSCantoTM II system (BD Biosciences). Flow 

cytometry analysis was performed on the FloJo platform.

Western blot analysis

24 hours after plating at 70% confluence, cells were treated with volasertib (EC70) and 

BKM120 (1μM), alone and in combination. After 24 hours, cells were homogenized on ice 

in radioimmunoprecipitation assay (RIPA) buffer supplemented with Halt Protease and 

Phosphatase Inhibitor cocktail (ThermoFisher Scientific). Protein concentration was 

determined using the Pierce BCA protein Kit (ThermoFisher Scientific). Western blot 

analysis was conducted using 50 μg of proteins on ExpressPlus precast gels (Genescript). 

Proteins were blotted onto polyvinylidene difluoride membranes (Millipore). The 

membranes were probed with the following antibodies: pAKTS473, phospho-Histone H3 

(pHH3Ser10), phospho-Histone H2A.X (pH2AXSer139), poly (ADP-ribose) polymerase 

(PARP) (Cell Signaling). All the primary antibodies used at a dilution of 1:1000 in 5% BSA 

in TBS-T. Signals were detected with HRP-conjugated secondary antibodies (ThermoFisher 

Scientific) and the chemiluminescence substrate Luminata Crescendo (EMD Millipore). 

Equivalent loading was confirmed with anti-β-tubulin (Sigma-Aldrich).

Colony formation assay

For washout experiments, THJ16T cells were treated for 72 with volasertib (EC50) and 

BKM120 (1μM), alone and in combination. After pre-treatment, live cells were counted, 

seeded at 400 cells/well, and cultured under routine conditions for 10 days. Medium was 

replaced as needed.

For continuous exposure experiments, 400 cells per well were seeded. 12 hours after 

seeding, cells were treated as above. Medium and drugs were replaced every 3 days. 

Colonies were fixed with 0.1%methanol and stained with 0.05%crystal violet (Sigma-

Aldrich).
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Analysis of cell nuclei

Wheat germ agglutinin Alexa Fluor® 594 (WGA) (ThermoFisher Scientific) and 4’, 6-

diamidino-2-phenylindole, dihydrochloride (DAPI) (Sigma) were used to stain the 

membranes and nuclei of cells, respectively.

Cells were fixed and stained according to the manufacturer’s instructions. Binucleated cells 

were counted. Imaging was conducted using the Nikon STORM/SIM/TIRF microscope.

In vivo experiments

6-8 week-old 129S6/SvE mice were injected subcutaneously with 5 × 106 T4888M cells. 

When tumors reached a size of 200 mm3, mice were randomized to control, volasertib, 

BKM120, and combination treatment groups. Volasertib and BKM120 were resuspended in 

0.5%Methylcellulose/0.5%Tween80 and administered via oral gavage at 8mg/Kg/day and 

24mg/Kg/day, respectively. Tumor volume was calculated from two-dimensional 

measurements using the equation: tumor volume = (length × width2 ) × 0.5, every two days. 

Tumor weight was measured at the end of the experiment. Data were plotted and analyzed 

using GraphPad Prism.

All experiments were performed in accordance with institutional policies on animal welfare.

Immunohistochemistry

Tissues were paraffin embedded and sectioned at 5μm. To assess the proliferation status of 

the tumor, Ki67 staining was performed. Immunostaining of apoptotic cells was carried out 

using the TUNEL assay. Representative microphotographs were imported into ImageJ for 

quantitation of proliferating and apoptotic cells.

Statistical analysis

Statistical analysis was carried out using GraphPad Prism. The results were expressed as the 

mean ± standard deviation (SD) of the individual experiments. Results were compared using 

the unpaired, two-tailed Student t-test; p-values of <0.05 were considered significant.

Results

PLK1 inhibition leads to endoreduplication and mitotic slippage

We have utilized a panel of 16 mouse and human anaplastic thyroid cancer (ATC)-derived 

cell lines carrying driver alterations representative of the whole mutation spectrum observed 

in the ATC patient population [14] to assess the growth suppressive efficacy of volasertib 

(BI6727), a well-known orally available PLK1 inhibitor [37].

Similar to what we have previously reported using a different PLK1 inhibitor, GSK461364A 

[27], all ATC cell lines were extremely sensitive to the growth suppressive activity of 

volasertib, with EC50’s in the low nanomolar range. Notably, sensitivity to volasertib was 

completely independent of the nature of the driving genetic alteration (Fig. 1A,B and Suppl. 

Fig. 1). In general, human cell lines were slightly more sensitive than mouse cell lines.
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Time course analysis of the effect of volasertib (EC70) on the cell cycle profile of the mouse 

ATC cell line T4888M showed a rapid arrest in G2/M, within 6 hours from treatment, 

followed by progressive accumulation of an 8N population, between 18 and 24 hours after 

treatment (Fig. 1C). Again, this phenotype was common to all cell lines, independent of the 

driver mutation, and was also observed at lower drug concentrations corresponding to the 

EC50 for these lines (Fig. 1D). Human cell lines accumulated 8N cells with a slightly slower 

kinetics compared to mouse cells (Fig. 1D).

DAPI staining of mouse and human ATC cells treated with EC70 volasertib for 24 and 48h 

respectively, showed that 20% of the human THJ16T and 30% of the mouse T4888M cells 

contained two nuclei, suggesting that the 8N population observed in the cell cycle analysis is 

the result of mitotic slippage and endoreduplication (Fig. 1E).

Finally, volasertib (BI6727) treatment at EC70 induced a time-dependent but relatively 

modest apoptotic response in both T4888M and THJ16T cells (Fig. 1F). The accumulation 

of an 8N population in cells treated with volasertib alone raises the possibility that these 

cells, which have escaped the mitotic arrest and subsequent cell death by catastrophe, might 

give rise to a genomically unstable cell subset associated with increased tumor 

aggressiveness. To test the longterm effect of volasertib treatment, we performed colony 

forming assays using the THJ16T cells. Cells were treated with vehicle or EC50 volasertib 

for three days, and then the same number of live control or treated cells were plated at low 

density in drug-free medium and allowed to form colonies over a ten days period. As shown 

in Fig. 1G (top), the cell growth arrest elicited by volasertib is fully reversible, since 

volasertib-treated cells formed approximately the same number of colonies as the vehicle-

treated cells. In a second approach, cells were plated at low density and exposed to 

volasertib (EC50) continuously for twelve days. Strikingly, despite continuous drug 

exposure, a relevant percentage of cells was able to escape growth arrest and/or apoptosis, 

forming large colonies (Fig. 1G, bottom).

Thus, ATC cells evade volasertib-induced cell cycle arrest and death via mitotic slippage.

PI3K inhibition synergizes with PLK1 inhibition

The mitotic slippage and aberrant cell cycle progression of volasertib-treated ATC cells 

could be associated with the TP53 mutant or null status of the vast majority of ATCs (Table 

1). In addition, we hypothesized that the high activation level of the PI3K signaling cascade 

observed in most ATCs might contribute to mitotic slippage and endoreduplication by 

accelerating cell cycle progression through G2 and/or by increasing pro-survival signals and 

impairing mitotic catastrophe [38, 39].

To test this hypothesis, we treated a panel of mouse and human ATC cell lines with a 

combination of volasertib and the pan-PI3K inhibitor, BKM120. We observed a striking 

reduction in cell viability in almost all cell lines tested (Fig. 2A,B). Synergy analysis 

according to the mass-action law-based theory [35] was conducted by calculating the drugs 

Combination Index at both EC75 and EC90. Synergistic interaction was demonstrated for 12 

of 14 cell lines analyzed (Fig. 2C). The combination also showed that drug reduction index 
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(DRI) value was always above 1 at both EC75 and EC90 in the cell lines showing synergism, 

indicating that dose reduction is attainable in the clinical setting (Table 2).

Response to the combined treatment was not synergistic only in those cell lines that were 

already extremely sensitive to volasertib treatment as single agent (Fig. 2B,C). While cell 

lines with mutations activating the PI3K pathway were clearly more sensitive to the 

combined treatment, synergy was also detected in several cell lines with unrelated driver 

mutations (BRAF, RAS). Interestingly, in these lines, there was only a weak correlation 

between AKT phosphorylation level and Combination Index, suggesting that even basal 

PI3K activity might be sufficient to reduce arrest in G2/M and/or to confer protection from 

mitotic catastrophe (Fig. 2D).

PI3K inhibition prevents mitotic slippage and endoreduplication

In order to define the mechanisms responsible for the synergy between BKM120 and 

volasertib, we analyzed the cell cycle profile of T4888M ATC cells treated with volasertib or 

volasertib + BKM120 for 6, 12, 18, and 24 hours. PI3K inhibition resulted in a striking 

reduction of the 8N population, which practically disappeared from the cell cycle profile. 

The same result was evident after cotreating the human THJ16T ATC cells for 24 hours (Fig. 

3A). Of note, PI3K inhibition alone resulted, as expected, in G1 arrest (Fig. 3A, bottom).

Most importantly, the combined treatment resulted in a dramatic increase in the induction of 

apoptosis in all the cell lines we analyzed (Fig. 3B).

As expected, combined volasertib/BKM120 treatment significantly reduced the number of 

T4888M and THJ16T binucleated cells at 24 and 48 hours, respectively (Fig. 3C).

To assess the long-term effect of co-targeting PLK1 and PI3K, we performed colony 

forming assays as described above, using single and combined treatment of THJ16T cells.

Strikingly, 72-hour combined volasertib/BKM120 treatment dramatically reduced the 

number of colonies growing in regular growth medium after drug washout (Fig. 3D, top). In 

addition, continuous treatment for twelve days completely suppressed colony formation 

(Fig. 3D, bottom). Identical results were obtained with the T4888M cell line (not shown).

Taken together, these results strongly suggest that combined inhibition of PLK1 and PI3K 

exerts significant long-term growth suppressive effects on ATC cells.

BKM120 effect depend on on-target activity

Recent data have clearly demonstrated that, at concentrations above 1μM, BKM120 inhibits 

microtubule dynamics by directly binding to tubulin [40]. Although in all our experiments 

1μM was the highest BKM120 concentration used, we repeated selected dose-response and 

cell cycle profiling assays using a more specific pan-PI3K inhibitor, GDC0941 [41].

When we tested the combination of volasertib and GDC0941 in two mouse ATC cell lines, 

T4888M (Pten−/−) and A275 (Pik3caH1047R), we observed the same strongly synergistic 

interaction previously observed using BKM120 (Fig. 4A). Furthermore, GDC0941 was as 
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effective as BKM120 in preventing mitotic slippage and endoreduplication, as shown by the 

almost complete disappearance of the 8N peak after cell cycle profiling (Fig.4B).

Thus, the observed effect of BKM120 on volasertib-induced mitotic slippage is due to on-

target PI3K inhibition.

Western blotting analysis of biomarkers of BKM120 and volasertib action, using protein 

extracts from THJ16T and T4888M cells treated for 24 hours, confirmed on target 

compound activity at the concentration used in the cell cycle assays presented above, as 

shown by the inhibition of AKT phosphorylation (for BKM120) and the induction of histone 

H3 and histone H2AX phosphorylation (for volasertib) (Fig. 5). Furthermore, PARP 

cleavage, a marker of apoptosis, was increased in protein extracts from cells co-treated with 

the two inhibitors.

Combined PI3K and PLK1 inhibition is strongly effective in vivo

Based on these promising in vitro data suggesting that PI3K inhibition strongly synergizes 

with PLK1 inhibition, we tested the effect of this combination on an immunocompetent, 

syngeneic ATC allograft model.

T4888M mouse ATC cells were implanted in the flank of 129S6/SvEv mice and treatment 

was started when tumors reached 200mm3.

PLK1 inhibitors have shown strong dose-limiting hematological toxicity in clinical trials 

[42]. In addition, our pilot experiments have shown that combined treatment with 

30mg/kg/day BKM120 and 10mg/kg/day volasertib, the most commonly used doses for in 

vivo experiments [43-46], was not tolerated by our mouse model.

Thus, we decided to reduce by 20% the dose of both BKM120 and volasertib and to modify 

the treatment schedule introducing a 2-day treatment interruption every week.

Even at these reduced doses, both BKM120 and volasertib significantly inhibited in vivo 

tumor growth, although volasertib treatment appeared to partially lose efficacy after about 

two weeks. Combined treatment, however, exerted a strikingly profound and sustained tumor 

suppressive effect, as evidenced by both tumor volume analysis over time (Fig. 6A) and 

tumor weight analysis at time of sacrifice (Fig. 6B). Drug-induced toxicity, as measured by 

body weight analysis and blood cell counts, was limited and did not result in any deaths 

among the treated mice (not shown).

Finally, immunohistochemical analysis of proliferation and apoptosis markers in the four 

treatments cohorts evidenced a drastic reduction of proliferation in both the volasertib and 

the combination-treated groups, and a significantly increased apoptotic index in the 

combination group.

Thus, combined in vivo inhibition of PLK1 and PI3K is well tolerated and effective in 

inhibiting tumor growth in a clinically relevant immunocompetent mouse model of ATC.

De Martino et al. Page 8

Cancer Lett. Author manuscript; available in PMC 2019 December 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Treatment options for anaplastic thyroid cancer are extremely limited and usually only 

palliative in nature. The increasing understanding of the driver alterations characterizing 

these tumors has allowed the identification of numerous actionable targets, often leading to 

encouraging clinical results [12].

Furthermore, additional recent preclinical data in cell lines and xenograft models have 

shown promising results combining classic cytotoxic therapy with targeted inhibitors [47, 

48] or lipid metabolism inhibitors [49].

Although the results of a number of clinical trials in other tumor types have dampened the 

interest for PLK1 inhibitors due to limited activity observed at tolerable doses [23-26], our 

previous [27] and current data clearly show that PLK1 is still a viable therapeutic target in 

ATC.

However, we also found that in ATC cells a substantial cell population escapes G2/M arrest 

via mitotic slippage and endoreduplication. This phenomenon is reminiscent of what was 

observed with Aurora kinases inhibitors [50], and is likely favored by the absence of TP53 in 

most ATCs. The fate of these endoreduplicated cells is not clear: while most of these cells 

died shortly after slippage in the Aurora kinases study [50], our clonogenic assay data show 

that a substantial number of volasertib-treated cells survives and resumes regular 

proliferation, possibly after “depolyploidization” [29], with obvious possible detrimental 

consequences on therapeutic efficacy. We have so far been unsuccessful in our attempts to 

isolate and follow up the fate of this 8N population, thus this speculation remains to be 

experimentally substantiated.

In an effort to counter the development of this cell population, we hypothesized that 

increased PI3K signaling, a common feature of ATC cells, may contribute to the escape from 

mitotic blockage by increasing mitotic exit speed [51, 52], favoring survival after slippage 

[53], and directly protecting cells from mitotic catastrophe [38, 54, 55].

This notion represented the rationale for combining, in this study, volasertib with a pan-

PI3K inhibitor. This is the first report, to our knowledge, of such a combinatorial approach. 

Pilot experiments (Suppl. Fig. 2) were performed to identify the optimal combination 

strategy, and showed that simultaneous treatment was clearly superior to sequential drug 

administration.

Our data, obtained from a large panel of mouse and human ATC cell lines, clearly show that 

PI3K inhibition prevents the slippage and endoreduplication processes induced by PLK1 

inhibition, and strikingly synergizes with volasertib in inducing apoptotic cell death. The 

correlation between the disappearance of the 8N peak and the dramatic increase in apoptosis 

(although tested only with one combination ratio) strongly suggests that when ATC cells are 

prevented (by PI3K inhibition) to undergo slippage, they readily enter apoptosis.
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It is also important to point that the combined treatment virtually annihilated the long-term 

clonogenic capacity of ATC cells upon continuous treatment, a significant finding from a 

therapeutic perspective.

Previous studies have shown that a slow rate of degradation of Cyclin B1 is a critical 

promoter of mitotic slippage [28]. Furthermore, it has been proposed that MCL1 dynamics 

influences both mitotic slippage and cell death after mitotic block [56, 57]. However, we 

have found no evidence of alterations in MCL1 or cyclin B1 levels upon PI3K/PLK1 

inhibition (not shown).

Notably, several cell lines without activating mutations in the PI3K pathway benefited from 

the combined treatment, especially when volasertib alone was not overly effective as single 

agent, strongly suggesting that basal PI3K activity is sufficient to drive slippage and 

endoreduplication. This notion would be extremely valuable in the clinical setting, since 

about 60% of ATC patients do not harbor PI3K-activating mutations.

Importantly, our data translated extremely well into the preclinical setting, using our 

immunocompetent allograft model of ATC. As expected from the clinical trials data, dose-

limiting toxicity was observed when volasertib and BKM120 were combined at full doses 

(doses regularly used in published studies). However, a 20% dose reduction applied to both 

compounds, together with a therapy vacation during weekends, reduced toxicity to tolerable 

levels while resulting in a striking therapeutic activity, associated with inhibition of 

proliferation and increased apoptosis in the tumors.

In summary our in vivo data show for the first time that otherwise incurable ATC may 

represent a tumor type uniquely sensitive to combinations of PLK1 and PI3K inhibitors. 

These findings warrant consideration of this combinatorial approach for rapid translation 

into the clinical investigation setting.

Supplementary Material
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• ATC is one of the most lethal tumor types, with a median survival of less than 

6 months from diagnosis.

• PLK1 is a mitotic regulator overexpressed in ATC, and the PI3K cascade is 

constitutively activated in 40% of ATCs.

• ATC cells are sensitive to the PLK1 inhibitor, volasertib, but often evade cell 

cycle arrest and death via mitotic slippage and endoreduplication.

• PI3K inhibition synergizes with volasertib in vitro, preventing slippage and 

inducing apoptosis, and potentiates volasertib activity in vivo.
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Figure 1. 
Volasertib (BI6727) is effective in ATC cells. A, dose-response assay in two mouse (blue 

lines) and two human (red lines) ATC cell lines. B, distribution of Volasertib (BI6727) EC50 

values in a panel of mouse and human cell lines, labeled by driver mutation. C, time course 

of the effect of EC70 Volasertib (BI6727) on the cell cycle profile of T4888M cells. D, effect 

of EC50 Volasertib (BI6727) on the cell cycle profile of human ATC cell lines. E, left, 

nuclear (DAPI) and membrane (WGA) staining of THJ16T cells treated with EC70 

Volasertib (BI6727) for 48 hours. Arrows indicate binucleated cells. Right, frequency of 
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binucleated cells upon EC70 Volasertib (BI6727) treatment for 24 (T4888M) and 48 

(THJ16T) hours. F, time course of apoptotic response to EC70 Volasertib (BI6727) 

treatment. G, colony forming assay showing the effect of ten-day continuous treatment, or 

72h treatment followed by washout and replating for twelve days, on THJ16T cells’ ability 

to proliferate.
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Figure 2. 
PI3K inhibition synergizes with Volasertib (BI6727). A, dose-response assays showing 

increased responses of ATC cell lines to combined PI3K and PLK1 inhibition. B, heat map 

showing the effect of combining 10nM Volasertib (BI6727) with the corresponding 

BKM120 dose (from the experiments in A). C, distribution of the Combination Indices at 

EC75 and EC90 showing synergy in the majority of cell lines analyzed. D, western blot 

analysis of AKT activation status in the human cell lines utilized.
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Figure 3. 
PI3K inhibition prevents mitotic slippage and endoreduplication. A, top, time course of the 

effect of EC50 Volasertib (BI6727) and 1μM BKM120 on the cell cycle profile of T4888M 

cells; bottom, effect of EC50 Volasertib (BI6727) and 1μM BKM120 on the cell cycle profile 

of THJ16T cells. B, apoptotic response to single (EC50 Volasertib and 1μM BKM120) and 

combined treatments for 72h in three ATC cell lines. C, left, nuclear (DAPI) and membrane 

(WGA) staining of THJ16T and T4888M cells treated with single and combined drugs for 

24 (T4888M) and 48 (THJ16T) hours. Arrows indicate binucleated cells. Right, frequency 
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of binucleated cells upon single and combined treatment. D, colony forming assay showing 

the effect of twelve-day continuous treatments or 72h treatment followed by washout and 

replating for ten days, on THJ16T cells’ ability to proliferate.
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Figure 4. 
The pan-PI3K inhibitor GDC0941 has overlapping effect with BKM120. A, dose-response 

assays showing synergy between GDC0941 and Volasertib (BI6727) in two ATC cell lines. 

B, GDC0941 suppresses the 8N population induced by Volasertib (BI6727).
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Figure 5. 
Western blot analysis on extracts from THJ16T and T4888M cells treated for 24 hours with 

EC70 Volasertib (BI6727) and/or 1μM BKM120, showing on target activity of both 

BKM120 and volasertib.
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Figure 6. 
In vivo efficacy of a combination of BKM120 and volasertib (BI6727). A, relative tumor 

growth (±SEM) of T4888M allografts treated with vehicle, single drugs, and combination. 

Values are normalized to the tumor volume at the beginning of treatment. P<0.003 from day 

13 onwards when comparing BKM120 to the combined treatment. B, tumor weights at 

endpoint. C, Average mouse weight at the beginning and at day 17 of treatment. D,E 

immunohistochemical detection of proliferation (D) and apoptosis (E) in sections from 

tumors collected at endpoint. F, quantification of Ki67 and TUNEL positive cells.
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Table 1

Cell line Species of origin Mutations Culture Medium

T4888M Mouse Pten−/−/Tp53−/− DMEM

T3533 Mouse Pten−/−/Tp53−/−- DMEM

3531L Mouse Pten−/−/KrasG12D DMEM

T1903 Mouse Pten−/−/Tp53−/− DMEM

A274 Mouse Pik3caH1047R/Tp53−/− DMEM

A275 Mouse Pik3caH1047R/Tp53−/− DMEM

A17 Mouse Pik3caH1047R/KrasG12D DMEM

A22 Mouse Pik3caH1047R/KrasG12D DMEM

THJ16T Human PIK3CAE545R/TP53P72R/R273H RPMI

CAL62 Human KRASG12R/TP53A161D DMEM

C643 Human HRASG13R/TP53R248Q RPMI

OCUT2 Human PIK3CAH1047R/BRAFV600E/TP53−/− RPMI

T238 Human PIK3CAE542K/BRAFV600E/TP53S183X RPMI

8505c Human BRAFV600E/TP53R248G RPMI

SW1736 Human BRAFV600E/TP53-/−3 RPMI

BHT101 Human BRAFV600E/TP53I251T RPMI

3
TP53 transcriptionally silenced [58]
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Table 2

: Dose Reduction Index (DRI) of volasertib (BI6727) and BKM120 combination in ATC cell lines.

DRI EC75 DRI EC90

BI6727 BKM120 BI6727 BKM120

T4888M 2.44 20.44 3.05 58.63

T3533 2.58 2.33 3.11 2.6

T1903 4.28 2.81 3.76 2.33

A22 2.27 2.73 3.51 3.75

A275 1.68 6.03 1.92 13.83

3531L 2.62 2.53 2.68 2.36

THJ16T 2.6 13.21 1.84 14.16

T238 4.05 2.15 6.04 2.24

OCUT2 1.93 3.05 0.76 1.35

SW1736 1.55 9.62 1.56 18.91

BHT101 2.01 4.51 1.9 4.66

8505C 1.01 1.98 1.08 2.9

C643 3.43 4.06 2.5 1.24

CAL62 0.92 15.32 0.94 31.53

Cancer Lett. Author manuscript; available in PMC 2019 December 28.


	Abstract
	Introduction
	Materials and Methods
	Cells lines
	Drug treatments and cell proliferation assay
	Cell cycle analysis
	Apoptosis analysis
	Western blot analysis
	Colony formation assay
	Analysis of cell nuclei
	In vivo experiments
	Immunohistochemistry
	Statistical analysis

	Results
	PLK1 inhibition leads to endoreduplication and mitotic slippage
	PI3K inhibition synergizes with PLK1 inhibition
	PI3K inhibition prevents mitotic slippage and endoreduplication
	BKM120 effect depend on on-target activity
	Combined PI3K and PLK1 inhibition is strongly effective in vivo

	Discussion
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Table 1
	Table 2

