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Abstract

Polo-like kinases (PLKs) are potent regulators of cell proliferation and cell survival.
Polo-like kinases are potential targets in the treatment of anaplastic thyroid cancer
(ATC), arare but deadly disease. The therapeutic effects of volasertib, a PLK inhibitor,
was evaluated for the treatment of ATC either alone or in combination with sorafenib.
Volasertib decreased cell viability in three ATC cell lines (8505C, 8305C, and KAT18)
in a dose-dependent manner. Volasertib caused ATC cells to accumulate in G,/M
phase, activated caspase-3 activity, and induced apoptosis. Combination therapy
using volasertib and sorafenib in ATC cells showed mostly synergistic effects. In vivo
studies revealed that combination therapy of volasertib and sorafenib was effec-
tive in the treatment of 8505C xenografts. Single-agent volasertib treatment was
sufficient to retard 8305C tumor growth. No substantial morbidity was observed in
animals that received either single-agent or combination treatment. These preclinical
findings suggest that volasertib could be an effective drug in treating ATC.
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1 | INTRODUCTION

Anaplastic thyroid cancer is a rare disease, and one of the most
aggressive malignancies. Anaplastic thyroid cancer represents less
than 1% of all thyroid cancers, but is responsible for 14%-39% of
thyroid cancer mortality. The disease is typically fatal, with a dismal
median survival of only 3-5 months, and 1-year mortality of 80%.*
Recently, the US FDA approved a BRAF inhibitor (dabrafenib) plus a
MEK inhibitor (trametinib) for locally advanced, metastatic ATC with
BRAF V600E mutation. However, approximately half of patients with
ATC lack this mutation, rendering them insensitive to this approach.
In addition, most patients with the BRAF V600OE mutation will ac-
quire resistant disease or discontinue treatment due to adverse ef-
fects of dabrafenib and trametinib.> Therefore, there is an urgent
need for the discovery of new treatments with different mechanisms
of action for patients with ATC.

The PLK family is a group of five serine/threonine kinases
(PLK1-5) that regulates multiple biological functions.®® Polo-like
kinase 1 is a well-established member of the PLK family; it partic-
ipates in G,/M transition, centrosome maturation, spindle assem-
bly, mitosis, cytokinesis, DNA damage repair, and apoptosis.®*!
Both PLK2 and PLK4 are required for centrosome duplication
during the cell cycle.*?*® Polo-like kinase 3 is a stress response
protein that is activated in response to a variety of stress con-
ditions, including DNA damage, mitotic, oxidative, and hypoxic
stress.’ Polo-like kinase 5 is primarily expressed in the brain and
has a glioblastoma suppressor function.*® Because of their critical
roles in cell proliferation and cell survival, PLKs are considered to
be attractive targets for cancer therapy.® Polo-like kinase 1 has
been reported to be a therapeutic target in preclinical models of
ATC.16-18

Volasertib (Bl 6727) is a highly selective and potent inhibitor of
PLK1, PLK2, and PLK3, with 50% enzyme inhibitory concentrations
at low nanomolar concentrations (0.87, 5, and 56 nmol/L, respec-

).19

tively Volasertib has been shown to induce G,/M arrest, acti-

vate caspase-3, and induce apoptotic cell death in leukemia cells.?®
Treatment with volasertib reveals adequate tumor tissue penetra-
tion, efficacy in treating animal models of malignancy (colon, leu-
kemia, and lymphoma), and favorable safety profiles.’”?! Volasertib
has shown therapeutic effects against ovarian cancer in a phase Il
trial.?? In this study, we report the results of the effects of volasertib
alone and in combination with sorafenib, a multikinase inhibitor ap-
proved for the treatment of differentiated thyroid cancer?® and ATC.

2 | MATERIALS AND METHODS
2.1 | Anaplastic thyroid cancer cell lines

Three human ATC cell lines, 8505C, 8305C, and KAT18, were evalu-
ated in this study.2*?® Cell line identity was validated using DNA
short tandem repeat profiling and cells were stored in liquid nitro-
gen until use. 8505C and 8305C cell lines were maintained in MEM

culture medium with sodium pyruvate (1 mmol/L) and sodium bicar-
bonate (2.2 g/L). The KAT18 cell line was maintained in RPMI-1640
medium with sodium bicarbonate (2.0 g/L). Both MEM and RPMI-
1640 were supplemented with 10% FCS, 100 000 units/L penicillin,
and 100 mg/L streptomycin. These ATC cell lines were incubated in
a humidified incubator with 5% CO, at 37°C.

2.2 | Drugs

Volasertib and sorafenib were obtained from Selleck Chemicals. For
in vitro experiments, volasertib and sorafenib were prepared using
DMSO (Sigma) to a stock concentration of 10 mmol/L and stored
at -80°C until further use. For in vivo experiments, volasertib was
formulated at a concentration of 4.3 mg/mL in poly(ethylene gly-
col) 300 (Sigma) and distilled water (2:3 v/v) and stored at -80°C.
Sorafenib was formulated at a concentration of 57.6 mg/mL in 50%
Kolliphor EL (Sigma) and 50% ethanol (Sigma) and stored at -80°C; it
was further dissolved at a final concentration of 14.4 mg/mL in water

before in vivo use.

2.3 | Antibodies

Primary Abs against PLK1, PLK2, PLK3, cleaved caspase-3, p-
Histone H3 (Ser10), PCNA, and B-actin were acquired from Cell
Signaling Technology. Alpha-tubulin Ab was purchased from Sigma.

2.4 | Cellviability assays and drug
combination studies

Cells were seeded at 2 x 10° cells (8505C), 2 x 10* cells (8305C),
and 1 x 10% cells (KAT18) per well in 24-well plates in 1 mL media
and were incubated overnight. The ATC cells were then exposed to
six serial two-fold dilutions of volasertib, sorafenib, or placebo over
a 4-day treatment course. Cell viability was assessed by the CytoTox
96 kit (Promega) using a spectrophotometry (Infinite M200 PRO;
Tecan). CompuSyn software was applied to determine the IC;, val-
ues of volasertib and sorafenib for each cell line on day 4.2728

To study combination therapy with volasertib and sorafenib, ATC
cells were seeded as described above and were incubated overnight.
Cells were exposed to vehicle, volasertib, sorafenib, or combination
therapy of volasertib and sorafenib for a 4-day treatment. Six con-
secutive two-fold dilutions were evaluated from the following begin-
ning doses for 8505C, 8305C, and KAT18, respectively: volasertib
at 90.8, 140.8, and 204.8 nmol/L and sorafenib at 34.0, 26.4, and
35.6 pmol/L. These doses selected were based on the IC,, of each
drugin 8505C, 8305C, and KAT18 cell lines determined in this study.
Drug combination effects were evaluated by computing the Cl using
the Chou-Talalay method and CompuSyn software.?”2 The Cl was
used to quantitatively determine for synergism (Cl < 1), additive ef-

fect (Cl = 1), and antagonism (Cl > 1) in drug combinations.
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2.5 | Western blot analysis

Anaplastic thyroid cancer cells were treated with volasertib
(100 nmol/L) or vehicle for the indicated periods after seeding the
cells at 1 x 10° cells in 100-mm petri dishes in 10 mL media overnight.
Cell pellets were collected and dissolved using an immunoprecipi-
tation assay buffer containing protease and phosphatase inhibi-
tor mixture, which were then clarified by centrifugation. Protein
lysate (40 ug) was separated on 12% Tris-HCI gels and transferred
to PVDF membranes. The membranes were blocked with 5% non-
fat milk and incubated with primary Ab at 4°C overnight, followed
by a HRP-conjugated secondary Ab. A chemiluminescence reagent
(PerkinElmer) was used to detect signals. The ratios of basal PLK1,
PLK2, and PLK3 to B-actin for each cell line were calculated. Relative
expression was analyzed using the 8505C value as reference.
Tumor levels of PLK1, PLK2, PLK3, PCNA, and cleaved caspase-3
were evaluated in mice treated with placebo, volasertib, sorafenib,
or combination therapy by western blot analysis. At indicated pe-
riods, animals were killed with carbon dioxide, the tumors were
harvested, mixed with protein extraction buffer (GE Healthcare),
homogenized, and sonicated on ice. After centrifugation, clarified
supernatants were aliquoted and stored at -80°C for immunoblot-

ting as described above.

2.6 | Cell cycle analyses

To evaluate the effect of volasertib on cell cycle progression, ATC
cells were seeded overnight at 4 x 10° cells per well in 6-well plates
in 2 mL media. Vehicle or volasertib (100 nmol/L) was added and
the cells were incubated for 24 hours. Adherent cells were then col-
lected, washed with PBS, fixed with 70% ethanol at 4°C, and stained
DNA using DNA staining solution containing RNase A (100 pg/mL;
Sigma) and PI (5 pg/mL; Sigma) at 37°C for 15 minutes. Data were
acquired using flow cytometry (BD FACSCalibur Flow Cytometer;
BD Biosciences).

2.7 | Apoptosis detection

A fluorometric assay kit (Abcam) was used to measure caspase-3 ac-
tivity. After plating cells at 1 x 10° cells in 100-mm petri dishes in
10 mL media overnight, vehicle or volasertib (100 nmol/L) was added
and incubated for 24 hours. Adherent cells (5 x 10°) were collected,
lysed, and incubated with caspase-3 substrate (DEVD-AFC) and re-
action mixture at 37°C for 1.5 hours. A spectrophotometer (Infinite
M200 PRO; Tecan) was used to detect caspase-3 activity.

We measured early apoptosis by staining cells with annexin
V-Alexa Fluor 488 and PI (Invitrogen). Anaplastic thyroid cancer
cells were seeded in 6-well plates in 2 mL media at a density of
4 x 10° cells overnight and then treated with vehicle or volasertib
(100 nmol/L) for 24 hours. Following the manufacturer’s protocol,

adherent cells were collected, washed with PBS, and incubated with
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annexin V-Alexa Fluor 488 and Pl at room temperature for 15 min-
utes in the dark. Flow cytometry (BD FACSCalibur Flow Cytometer;
BD Biosciences) was used to detect early apoptotic cells (annexin
V-positive, Pl-negative).

Induction of sub-G, apoptotic cells by volasertib treatment was
assessed using flow cytometry. Anaplastic thyroid cancer cells were
plated in 6-well plates in 2 mL media at a density of 4 x 10° cells
overnight, and treated with vehicle or volasertib (100 nmol/L) for
24 hours. Floating cells and trypsinized adherent cells were col-
lected, and samples were prepared as described earlier for cell cycle
analyses. Flow cytometry (BD FACSCalibur Flow Cytometer; BD
Biosciences) was used to detect apoptotic sub-G, cells. Induction
of sub-G, apoptotic cells in 8505C, 8305C, and KAT18 cells treated
with placebo, volasertib (22.7, 35.2, and 102.4 nmol/L, respectively),
sorafenib (8.5, 35.2, and 17.8 umol/L, respectively), and in combina-
tion was assessed after a 48-hour treatment.

2.8 | Immunofluorescence microscopy

We used confocal microscopy to evaluate the effect of volasertib
on mitosis. After plating ATC cells at 5 x 10* cells in 4-well culture
slides in 1 mL media overnight, vehicle or volasertib (100 nmol/L)
was added and incubated for 24 hours. The cells were then fixed
in 4% paraformaldehyde (Sigma), washed with PBS, permeabilized
with 0.1% Triton X-100 for 10 minutes at room temperature, and
washed with PBS. The cells were incubated at 4°C overnight with
primary rabbit p-Histone H3 (Ser10) Ab and mouse a-tubulin Ab.
The cells were then washed with PBS, incubated for 25 minutes at
37°C with secondary Alexa Fluor 633-conjugated goat anti-rabbit
Ab (Invitrogen) and Alexa Fluor 488-conjugated goat anti-mouse Ab
(Life Technologies), washed with PBS, incubated for 10 minutes at
room temperature with DAPI (Invitrogen). Chromosomes were ex-
amined to identify mitotic cells. Leica TCS SP8 X confocal micros-
copy (Leica Microsystems) was used to capture images.

The expression of cleaved caspase-3 (active form of caspase-3)
was evaluated by immunofluorescence microscopy. Anaplastic thy-
roid cancer cells were seeded at 5 x 10 cells in 4-well culture slides
in 1 mL media overnight. Vehicle or volasertib (100 nmol/L) was
added and incubated for 24 hours; the cell samples were then pre-
pared as described in mitosis assessment. Next, the cells were incu-
bated at 4°C overnight with primary rabbit cleaved caspase-3 Ab and
mouse a-tubulin Ab. The cells were then incubated for 25 minutes
at 37°C with secondary Alexa Fluor 633-conjugated goat anti-rab-
bit Ab and Alexa Fluor 488-conjugated goat anti-mouse Ab. Leica
TCS SP8 X confocal microscopy (Leica Microsystems) was used to

capture images.

2.9 | Invivo flank tumor therapy

Female athymic nude mice aged 7-10 weeks were obtained

from the National Laboratory Animal Center, Taiwan. Mice were
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inoculated with 1 x 10° cells (1:1 Matrigel : culture medium) into
the s.c. flanks for 8505C and 8305C models. 8505C and 8305C
cell lines were chosen because they possess promising tumorigen-
esis rates.

Mice bearing 8505C and 8305C tumors received placebo, vo-
lasertib (25 mg/kg, 2 days on and 5 days off, once a day), sorafenib
(40 mg/kg, 4 days on and 3 days off, once a day), or combination
treatment for three cycles of therapy. The doses of volasertib
and sorafenib chosen were based on previous reports.*”?? Tumor
volume and body weight of each animal were measured twice a
week.

This study protocol was approved by the Chang Gung Memorial
Hospital’'s Committee of Laboratory Animal Center at Linkou (No.
2013121401).

2.10 | Statistical analyses

SPSS software (version 25; IBM) was used for statistical analy-
ses. Student’s t test was used for in vitro studies where two
independent groups were compared. One-way ANOVA with
post-hoc Scheffe test was used for in vivo experiments to com-
pare more than two group means. Pearson’s correlation coef-
ficient was used to determine the association between IC,, of
volasertib and basal PLK expression. Results are expressed as
mean + SE. Statistically significant was considered when P was
less than .05.

3 | RESULTS

3.1 | Volasertib induces cytotoxicity in ATC cell lines

Volasertib decreased cell survival in three ATC cell lines in a dose-
dependent fashion (Figure 1A). Volasertib at 100 nmol/L arrested
cell growth by 90.5% (8505C), 88.9% (8305C), and 80.3% (KAT18)
on day 4. The cytotoxicity of volasertib in these ATC cell lines was
assessed by CompuSyn software. The IC,, was calculated on day 4
(Figure 1B). 8505C cells had the lowest IC., (22.7 + 0.1 nmol/L) and
KAT18 cells had the highest IC., (51.2 + 0.9 nmol/L). These median-
effective doses of volasertib in ATC cells are much lower than the
achievable serum concentration (551.1 nmol/L) reported in a recent

clinical trial.??

3.2 | Volasertib modulates the expression of PLKs

Volasertib has been shown to increase the level of PLK1 in Hela
cells.’® The effects of volasertib (100 nmol/L) on PLK1 expression
was assessed in three ATC cell lines (Figure 1C). Volasertib treat-
ment significantly induced PLK1 levels by 4 hours (8505C), 16 hours
(8305C), and 8 hours (KAT18). In addition, volasertib treatment
decreased PLK2 expression by 24 hours (8505C and 8305C) and
4 hours (KAT18). Expression of PLK3 was not significantly altered
by volasertib treatment in 8505C, 8305C, or KAT18 cells during a
24-hour treatment.

(A)120 + (B) 60 1
8505C SL.2
100 - 8- 8305C 50
- KATI18 g
& £ ]
S 80 - = 40 35.2
E )
.- [72]
Z 60 < 307
3 § 22.7
T 40 S 20 -
&) 2 FIGURE 1 Volasertib induces
S | cytotoxicity and alters polo-like kinase
20 10 (PLK) expression in three anaplastic
thyroid cancer (ATC) cell lines. A,
0 T T T y T T ! 0 Cytotoxicity was evaluated in 8505C,
Control 3.125 625 125 25 50 100 8505C  8305C  KATI8 8305C, and KAT18 cells treated with
Volasertib (nM) a series of six two-fold dilutions of
©) volasertib starting from 100 nmol/L.
8505C 8305C KAT18 Dose-response curves were obtained on
Time(h) Cont 4 8 16 24 Cont 4 8 16 24 Cont 4 8 16 24 day 4 using lactate dehydrogenase assays.
B, The IC,, of volasertib on day 4 was
PLK1 -* B o e ——— calculated for three ATC cell lines using
CompuSyn software. C, The expression
PLK2 . . . — - .".. ,- ;e e of PLK1, PLK2, and PLK3 was evaluated
= y by western blotting in 8505C, 8305C,
PLK3 S S o g o ! g - Q "_"' - > - and KAT18 cells treated with volasertib
o-tubulin M m P — (100 nmol/L) or placebo for the indicated

periods. Cont, control
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3.3 | Volasertib affects cell cycle progression

We evaluated the effect of volasertib (100 nmol/L for 24 hours) on
cell cycle distribution in three ATC cell lines, and compared these
data with untreated control cells. The represented cell line 8505C is
shown in Figure 2A. Volasertib treatment significantly increased cell
accumulationin G2/M phase in 8505C(82.6 + 0.2% and 12.2 + 0.0%,
P <.001),8305C(83.4 +0.2% and 24.6 + 0.2%, P < .001), and KAT18
(32.7 £ 0.4% and 9.9 + 0.4%, P < .001; Figure 2B).

Confocal microscopy was used to assess the ability of volasertib
(100 nmol/L for 24 hours) to block ATC cells in mitosis (Figure 2C).
Mitotic cells were recognized, and the mitotic index was analyzed
for three ATC cell lines (Figure 2D). Compared to the control group,
volasertib treatment substantially increased the proportion of mi-
totic cells in the 8505C (6.7 + 0.3% and 1.6 + 0.1%, P < .001), 8305C
(22.0 + 1.9% and 0.8 + 0.2%, P < .001), and KAT18 (3.9 + 0.5% and
1.2 + 0.2%, P =.002) cell lines.

Based on chromosomal features, mitosis consists of prophase,
prometaphase, metaphase, anaphase, and telophase.31 The distribu-
tion of cells in mitosis was evaluated. Statistical analyses indicated
the proportions of prometaphase cells were significantly increased
by volasertib (100 nmol/L for 24 hours) in 8505C (74.1 + 1.6%
and 45.9 + 1.6%, P < .001), 8305C (91.4 + 2.5% and 51.7 + 1.5%,
P <.001), and KAT18 cells (70.0 + 4.9% and 43.0 + 3.3%, P < .001)
compared to control therapy (Figure 2E). This finding of mitotic ar-

restin prometaphase represents a typical phenotype of PLK arrest.*?

3.4 | Volasertib treatment induces apoptotic cell
death in ATC cells

Induction of apoptosis is a frequent mechanism of activity by cancer
therapeutics.® A prior report revealed that volasertib treatment in-
creased caspase-3 activity and led to apoptosis in lymphoma cells.?*
The ability of volasertib (100 nmol/L) to activate caspase-3 activity
in 8505C, 8305C, and KAT18 cells was evaluated by a fluorometric
assay kit after 24 hours of treatment (Figure 3A). Caspase-3 activity
was significantly increased by volasertib compared to control treat-
mentin 8505C (0.032 + 0.000-OD and 0.011 + 0.000-OD, P < .001),
8305C (0.026 + 0.000-OD and 0.013 + 0.000-OD, P = .002), and
KAT18 cells (0.098 + 0.001-OD and 0.082 + 0.001-OD, P =.004), re-
vealing activation of caspase-3. The expression of cleaved caspase-3
was assessed using immunofluorescence staining to confirm volas-
ertib treatment led to caspase-3 activation in ATC cells. The expres-
sion of cleaved caspase-3 in 8505C cells is shown in Figure 3B. The
proportions of ATC cells with cleaved caspase-3 staining were ana-
lyzed (Figure 3C). Volasertib treatment at 100 nmol/L for 24 hours
significantly induced more cells with cleaved caspase-3 staining in
8505C (8.9 +2.3% and 1.1 + 0.5%, P = .003), 8305C (6.8 + 1.5% and
1.6 + 0.6%, P = .010), and KAT18 cells (1.9 + 0.4% and 0.2 + 0.1%,
P =.002) compared with placebo treatment.

Stimulation of caspase-3 activity could result in apoptosis. The

ability of volasertib to induce early apoptosis was determined using
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annexin V-Alexa Fluor 488 and Pl staining (Figure 3D). Statistical
analyses show volasertib (100 nmol/L for 24 hours) significantly in-
creased early apoptotic cells in 8505C (4.0 + 0.1% and 1.9 + 0.0%,
P <.001), 8305C (4.0 + 0.2% and 2.3 + 0.3%, P = .002), and KAT18
cells (11.3 + 0.2% and 0.4 + 0.0%, P < .001) when compared with
placebo treatment (Figure 3E).

8505C, 8305C, and KAT18 cells were incubated with volasertib
at 100 nmol/L for 24 hours. The capacity of volasertib to induce
sub-G, apoptosis in these ATC cell lines was assessed (Figure 3F).
Statistical analyses revealed that volasertib significantly induced
a greater proportion of sub-G, cells in 8505C (9.2 + 0.1% and
3.2+ 0.2%, P <.001), 8305C (4.1 + 0.2% and 2.9 + 0.1%, P = .006),
and KAT18 cells (37.6 + 0.1% and 8.8 + 0.2%, P < .001) compared
with controls (Figure 3G). These results indicate that volasertib

treatment induces apoptotic cell death in ATC cells.

3.5 | Synergism of volasertib and sorafenib in
ATC cells

Sorafenib as single-agent therapy has only a mild effect in patients
with advanced ATC,%* with a limited response rate (15%) and no im-
pact on median survival (3.9 months). Approaches to enhance the
efficacy of sorafenib therapy would have clinical value. We assessed
the effects of applying volasertib combined with sorafenib in three
ATC cell lines.

The therapeutic effects of sorafenib in 8505C, 8305C, and
KAT18 cell lines were assessed after a 4-day treatment course (data
not shown). On day 4, the IC,, of sorafenib was 8.5 umol/L in 8505C,
6.6 umol/L in 8305C, and 8.9 umol/L in KAT18 cells as calculated
using CompuSyn software.

Combination therapeutic effects of volasertib and sorafenib
were studied (Figure 4A). In 8505C, 8305C, and KAT18 cells, com-
bination therapy with volasertib and sorafenib had increased cyto-
toxicity compared to either therapy alone. The Cl of volasertib and
sorafenib was evaluated using the Chou-Talalay method. The com-
bination of volasertib and sorafenib spanned from synergistic to
antagonist effects in 8505C (Cl, 0.84-1.11), 8305C (Cl, 0.89-1.07),
and KAT18 cells (Cl, 0.78-1.11; Figure 4B). The combination of vo-
lasertib and sorafenib was synergistic when higher percentages of
cells were affected in 8505C (fraction affected 0.2 or higher), 8305C
(fraction affected 0.3 or higher), and KAT18 cells (fraction affected
0.2 or higher).

Prior reports reveal that both volasertib and sorafenib have the
ability to induce apoptotic cell death.?>3> We sought to determine
whether the combination of volasertib and sorafenib could lead to
higher proportions of sub-G, apoptotic cells than single-agent and
placebo therapy in 8505C, 8305C, and KAT18 cell lines (Figure 4C).
Volasertib and sorafenib combination therapy significantly induced
more sub-G, cells than volasertib, sorafenib, or control treatment in
three ATC cell lines, suggesting apoptosis is one of the mechanisms
contributing to improved therapeutic effect of combination therapy

over single-agent therapy in ATC cells.
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FIGURE 2 Volasertib accumulates cells in G,/M phase and inhibits mitotic progression in prometaphase in anaplastic thyroid cancer
(ATC) cells. A, Cell cycle analysis using flow cytometry was performed to evaluate DNA content in 8505C cells treated with placebo

or volasertib (100 nmol/L) for 24 h. B, Statistical analyses reveal volasertib (100 nmol/L) treatment for 24 h significantly accumulated

cells in G,/M phase in three ATC cell lines. C, 8505C cells were treated with volasertib (100 nmol/L) or placebo for 24 h and stained

with fluorescent Abs against DAPI (blue), p-Histone H3 (Ser10) (red), and a-tubulin (green). Chromosomal appearance was evaluated

using immunofluorescence confocal microscopy. Cells in prophase (yellow arrow), prometaphase (white arrowhead), metaphase (yellow
arrowhead), and anaphase (white arrow) were identified. D, The proportion of ATC cells in mitosis was assessed after treatment with
volasertib (100 nmol/L) or placebo for 24 h. Cells were stained with DAPI, and chromosome characteristics were evaluated using
immunofluorescence confocal microscopy. The mitotic index was assessed with a minimum of 1340 cells counted from at least 13 different
fields for each condition. Volasertib significantly increased the proportion of 8505C, 8305C, and KAT18 cells in mitosis. E, The distribution
of cells in mitosis was determined by counting with a minimal of 100 mitotic cells from at least 10 different fields by confocal microscopy for
each condition. Quantification analyses revealed mitotic cells were arrested in prometaphase by the treatment of volasertib (100 nmol/L) for

24 h. Scale bar, 10 pm

3.6 | Volasertib and sorafenib combination therapy
for ATC xenografts

The effects of volasertib and sorafenib combination therapy in vivo
were evaluated in mice bearing 8505C and 8305C tumors. Nude
mice with 8505C flank tumors with a mean diameter of 5.2 mm were
treated with oral gavage of placebo, volasertib, sorafenib, or combi-
nation therapy (n = 6 per group) daily for three cycles (Figure 5A).
Single-agent therapy using volasertib or sorafenib did not signifi-
cantly retard 8505C tumor growth compared with control treatment.
However, combination therapy significantly inhibited 8505C tumor
growth on day 3 compared to the placebo treatment (1.1 + 0.0-fold
and 1.7 + 0.2-fold, P = .008) and this inhibitory efficacy of combina-
tion therapy continued until day 20 (1.7 + 0.3-fold and 6.1 + 1.8-fold,
P =.032). No substantial reduction in body weight was observed in
volasertib, sorafenib, or combination therapy compared to control
treatment when the study was closed (Figure 5B). Representative
mice bearing 8505C tumors on day 17 are shown in Figure 5C.

Mice bearing 8305C xenografts with a mean diameter of 4.6 mm
were treated with oral placebo, volasertib, sorafenib, or combination
therapy as described above for 8305C xenografts (n = 3 per group;
Figure 5D). Volasertib, sorafenib, and combination therapy signifi-
cantly inhibited 8305C tumor growth by day 10 when compared with
control (1.3 + 0.1-fold, 2.3 + 0.7-fold, 1.0 + 0.3-fold, and 9.2 + 2.4-fold
in volasertib, sorafenib, combination therapy, and the control group,
respectively; P < .05 for all comparisons), and the therapeutic effects
continued through to day 27 (4.1 + 1.6-fold, 6.9 + 4.5-fold, 1.2 + 0.5-
fold and 49.4 + 13.7-fold, respectively; P < .05 for all comparisons).
Combination therapy showed similar inhibitory effects in retarding
8305C tumor growth compared with either volasertib or sorafenib
monotherapy (P > .05 for both comparisons). We did not observe any
significant changes in body weight attributable to volasertib, sorafenib,
or combination therapy in this study (Figure 5E). Representative mice
bearing 8305C tumors were photographed on day 22 (Figure 5F).

The molecular alterations induced by volasertib treatment in
8505C and 8305C xenografts were assessed in mice treated daily with
volasertib (25 mg/kg for 2 days; Figure 5G). In 8505C xenografts, vola-
sertib treatment did not significantly change the levels of PLK1, PLKS,
or cleaved caspase-3. Polo-like kinase 2 levels were decreased on days
2 and 3. A marker of cell proliferation,36 PCNA, was transiently de-

creased on day 2. In 8305C tumors, PLK1 expression was increased at

days 2 and 3. Polo-like kinase 2 and 3 and PCNA were decreased and
cleaved caspase-3 expression was increased by day 3. Day 2 and 3 were
chosen in this study because our prior study revealed that volasertib
treatment modulates protein expression at these time points.®’

The molecular alterations induced by volasertib, sorafenib, and
combination treatment in 8505C tumors were assessed (Figure 5H).
Compared with control treatment, volasertib and sorafenib mono-
therapy decreased the expression of PCNA. This inhibitory effect
was not observed in tumors treated with combination therapy.
However, combination therapy induced the expression of cleaved
caspase-3, which was not observed in mice receiving either vola-
sertib or sorafenib treatment. These data suggest apoptosis was
likely one of the working mechanisms of combination therapy in the
treatment of 8505C tumors.

The basal expression of PLK1, PLK2, and PLK3 was evaluated in
three ATC cell lines (Figure 6A). We sought to determine any correla-
tion between the expression of PLKs and volasertib susceptibility in
these ATC cell lines. The susceptibility to volasertib was according
to the IC,, value. Relationships between IC,, of volasertib and PLK
expression were analyzed using Pearson’s correlation coefficients
(Figure 6B). The levels of PLK1, PLK2, and PLK3 failed to show any

significant correlation with volasertib sensitivity in ATC cells.

4 | DISCUSSION

We found that volasertib effectively inhibited cell survival in three
ATC cell lines in this study. Single-agent volasertib treatment effi-
ciently inhibited xenograft growth in the 8305C tumor model. The
combination of volasertib and sorafenib significantly retarded 8505C
tumor growth compared to control tumors. These results suggest a
potential clinical utility of volasertib in treating patients with ATC.
A prior study revealed that volasertib treatment led to in-
creased PLK1 expression in cervical cancer Hela cells.®° Similarly,
we observed that volasertib treatment increased PLK1 expression
in 8505C, 8305C, and KAT18 cells. The reasons accounting for this
phenomenon are unclear. One potential explanation is that PLK1 ex-
pression increased to compensate for the reduced activity of PLK1.
Mitotic arrest in prometaphase is a typical phenotype of PLK1 inhi-
bition.32 We found that volasertib treatment led to cell accumulation
in prometaphase in 8505C, 8305C, and KAT18 cell lines, suggesting
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FIGURE 3 Volasertib stimulates caspase-3 activity and induces apoptosis in anaplastic thyroid cancer (ATC) cells. A, Caspase-3 activity
was evaluated using a fluorometric assay kit in 8505C, 8305C, and KAT18 cells treated with volasertib (100 nmol/L) or vehicle for 24 h. B,
8505C cells were treated with volasertib (100 nmol/L) or placebo for 24 h and stained with DAPI (blue) and fluorescent Abs against cleaved
caspase-3 (red) and a-tubulin (green). Cells with cleaved caspase-3 expression are shown (arrowhead). C, The percentages of ATC cells

with cleaved caspase-3 expression were assessed after treatment with placebo or volasertib (100 nmol/L) for 24 h. Cells were stained with
fluorescent Abs against cleaved caspase-3, and its expression was evaluated using immunofluorescence confocal microscopy. A minimum
of 480 cells from at least 10 different fields was counted for each condition. Volasertib significantly increased the proportion of 8505C,
8305C, and KAT18 cells with cleaved caspase-3 expression. D, Early apoptotic cells were determined by flow cytometry to detect annexin
V-positive / propidium iodide (Pl)-negative staining in 8505C, 8305C, and KAT18 cells treated with volasertib (100 nmol/L) or vehicle for
24 h. E, Early apoptotic cells were determined by flow cytometry to detect Annexin V-positive / Pl-negative staining in 8505C, 8305C, and
KAT18 cells treated with volasertib (100 nmol/L) or vehicle for 24 h. Volasertib significantly induced early apoptosis in three ATC cell lines. F,
Analysis of cells with sub-G, apoptosis was undertaken by evaluating the DNA content using flow cytometry in 8505C, 8305C, and KAT18
cells treated with placebo or volasertib (100 nmol/L) for 24 h. G, Sub-G, apoptotic cells were detected by measuring the DNA content of

1 x 10* events for each sample using flow cytometry in cells treated with volasertib (100 nmol/L) or vehicle for 24 h. Volasertib increased
the proportion of sub-G, cells in three ATC cell lines. Scale bar, 20 pm

that PLK1 activity was inhibited by volasertib despite the increased treatment of ATC cells. In addition to mitotic arrest at prometaphase,
protein expression detected. we discovered that volasertib arrested cells in the G, phase in 8505C,
Volasertib inhibited mitotic progression at prometaphase, 8305C, and KAT18 cell lines. Volasertib increased the proportion of

which might be one of the working mechanisms of volasertib in the G,/M phase cells over that of M phase cells, indicating that volasertib



LIN ET AL. = 811
Cancer Science gizis %
(A) 8505C 8305C KATI8
S 120 - 120 7 120 1
< 100 A 100 | 100 -
S 80 | 80 1 80 1
60 - 60 60 -
2 40 - 40 - 40
o 20 - 20 1 20 A
¥ g 0 0
Volasertib (nM) E § § i § 5 ez § ; E g E 2 ; ; é é
Sorafenib (M) §§ 55 % o § § e 83 3 ﬁ g ég
NN
(B)
6\ 1.2 A
< 10 - grrisgeisnzessesseesienies  —o— 8505C
S 08 - —e— 8305C
o= —eo— KATI8
g 0.6 4
e
= 0.4 4
g
2 0.2 A
g
8 0 I I I 1 1 1 1 1 1
0.1 02 03 04 05 06 0.7 08 09
Fraction affected (Fa)
©
80 1 P=0.021 P=0.002 P<0.001
70 1 1 1 1
&\o/ 60 - .
2 O Control
§ 50 1 O Volasertib
5 40 H B Sorafenib
_g 30 - m Combination therapy
©nn 20 4
10 I
0 ,——!—- ‘ e

8505C

8305C KATI18

FIGURE 4 Combination therapy of volasertib and sorafenib in anaplastic thyroid cancer (ATC) cells. A, The cytotoxic effects of

volasertib and sorafenib alone and in combination after a 4-day treatment in 8505C, 8305C, and KAT18 cells were evaluated using lactate
dehydrogenase assays. B, The combination index (Cl) of volasertib and sorafenib was calculated using CompuSyn software. Synergistic
effects were recognized when higher fractions of cells were affected in 8505C (fraction affected 20.2), 8305C (fraction affected >0.3),

and KAT18 cell lines (fraction affected 20.2). The horizontal dotted line at Cl = 1 was drawn for discrimination of synergism (Cl < 1) and
antagonism (Cl > 1). C, Analysis of cells with sub-G, apoptosis was carried out by evaluating the DNA content using flow cytometry in
8505C, 8305C, and KAT18 cells treated with placebo, volasertib (22.7, 35.2, and 102.4 nmol/L, respectively), and sorafenib (8.5, 35.2, and
17.8 umol/L, respectively) alone and in combination for 48 h. Combination therapy significantly increased the proportion of sub-G, cells than
placebo and single-agent therapy in three ATC cell lines

arrests ATC cells in G, phase. Therefore, G, phase block is a key mech-

anism of cytotoxicity in the treatment of ATC cells with volasertib.
The inhibition of PLK1 could contribute to G, arrest and mitotic block.

Polo-like kinase 1 functions start in G, and are critical for mitotic entry

and mitotic progression.®38 The effects of PLK1 inhibition might span
from a failure at the G,/M phase transition to mitotic arrest between
prophase and anaphase. In this study, volasertib consistently inhibited

G,/M transition and induced mitotic block in the prometaphase in
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three ATC cell lines. The inhibition of PLK3 has been reported to block
mitosis and to arrest cells in G,/M phase.%’

Cancer cells frequently evade apoptosis and the induction
of apoptosis is a widely adopted approach of many types of an-
ticancer therapy.®® Depletion of PLK1 has shown the ability to

induce apoptosis in cancer cells.'*%8 We found treatment with
volasertib activated caspase-3 activity and induced apoptotic
cell death in ATC cells. Our data are consistent with prior reports
that apoptosis is one of the mechanisms of volasertib for cancer

treatment.???
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FIGURE 5 Therapeutic effects of volasertib and sorafenib in murine 8505C and 8305C xenograft tumor models. A, Mice bearing 8505C
flank tumors were treated with oral gavage of placebo, volasertib (25 mg/kg, 2 d on and 5 d off), sorafenib (40 mg/kg, 4 d on and 3 d off),
or combination therapy daily for three cycles of therapy. Compared with control therapy, volasertib and sorafenib did not significantly
retard 8505C tumor growth. However, combination therapy significantly retarded 8505C xenograft growth when compared with control
treatment. B, Volasertib, sorafenib, and combination therapy did not significantly decrease body weight compared with control treatment
when the study was closed. C, Mice bearing 8505C tumors (yellow arrow) were photographed on day 17. D, Nude mice with established
8305C flank tumors were treated with oral gavage of placebo, volasertib (25 mg/kg, 2 d on and 5 d off), sorafenib (40 mg/kg, 4 d on and 3 d
off), or combination therapy daily for three cycles of therapy. Volasertib, sorafenib, and combination therapy significantly inhibited 8305C
tumor growth when compared with control mice. E, No substantial decreases in body weight were attributable to volasertib, sorafenib, or
combination therapy compared with control treatment. F, Mice bearing 8305C tumors (yellow arrow) were photographed on day 22. G,
Tumor levels of polo-like kinase (PLK)1, PLK2, PLK3, proliferating cell nuclear antigen (PCNA), and cleaved caspase-3 were evaluated in
8505C and 8305C xenografts after daily volasertib treatment (25 mg/kg on day O and 1) using western blot. H, Tumor levels of PCNA and
cleaved caspase-3 were assessed in 8505C xenografts using western blot on day 2 after daily volasertib (25 mg/kg), sorafenib (40 mg/kg)

and combination therapy on day 0 and 1. Black arrow, placebo, volasertib, sorafenib, and combination therapy
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Sorafenib therapy has shown some activity in patients with ATC.
We examined whether volasertib improved the therapeutic efficacy
of sorafenib. Our data reveal promising therapeutic effects of com-
bination therapy of volasertib and sorafenib in the 8505C xenograft
model. This combination therapy robustly inhibited 8505C tumor
growth compared with control treatment, with promising safety pro-
files. A recent report reveals the combination of volasertib and a PI3K
inhibitor was more effective than either agent alone in the treatment
of ATC in vitro and in vivo.*® These findings could broaden the poten-
tial clinical application of volasertib in the management of ATC.

In conclusion, volasertib induces cytotoxicity in ATC cells. The

therapeutic efficacy of single-agent volasertib was demonstrated in

an 8305C xenograft mouse model. Combination therapy with vola-
sertib and sorafenib showed synergistic effects with higher affected
cellular fractions and was highly effective in the treatment of an
8505C xenograft mouse model of ATC. These data support initia-
tion of clinical trials with volasertib alone and in combination with
sorafenib in patients afflicted with ATC.
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