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Abstract Polo-like kinase (PLK1) has been identified as a potential target for cancer treatment.
Although a number of small molecules have been investigated as PLK1 inhibitors, many of which showed
limited selectivity. PLK1 harbors a regulatory domain, the Polo box domain (PBD), which has a key
regulatory function for kinase activity and substrate recognition. We report on 3-bromomethyl-
benzofuran-2-carboxylic acid ethyl ester (designated: MCC1019) as selective PLK1 inhibitor targeting
PLK1 PBD. Cytotoxicity and fluorescence polarization-based screening were applied to a library of 1162
drug-like compounds to identify potential inhibitors of PLK1 PBD. The activity of compound MC1019
against the PLK1 PBD was confirmed using fluorescence polarization and microscale thermophoresis.
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This compound exerted specificity towards PLK1 over PLK2 and PLK3. MCC1019 showed cytotoxic
activity in a panel of different cancer cell lines. Mechanistic investigations in A549 lung adenocarcinoma
cells revealed that MCC1019 induced cell growth inhibition through inactivation of AKT signaling
pathway, it also induced prolonged mitotic arrest—a phenomenon known as mitotic catastrophe, which is
followed by immediate cell death via apoptosis and necroptosis. MCC1019 significantly inhibited tumor
growth in vivo in a murine lung cancer model without affecting body weight or vital organ size, and
reduced the growth of metastatic lesions in the lung. We propose MCC1019 as promising anti-cancer drug
candidate.

& 2019 Chinese Pharmaceutical Association and Institute of Materia Medica, Chinese Academy of Medical
Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

PLK1 is a member of the Polo-like kinase family1. It is one of the
key main regulators of cell cycle division2. PLK1 acts in the M
phase of the cell cycle through activation of the cyclin dependent
kinase 1 (CDK1)–cyclin B complex3. It phosphorylates and
activates cell division cycle 25 (CDC25) to foster the exit from
mitosis through activation of anaphase-promoting complex/cyclo-
some (APC/C) and the proteolytic machinery4. PLK1 is attached
to the mitotic spindles through different stages of cell division5,
which stabilizes the kinetochore–microtubule attachment and
triggers the transition from meta- to anaphase6. PLK1 overexpres-
sion correlated with tumor progression and poor prognosis in
different cancer types7,8. This makes PLK1 a promising target for
anticancer therapy9. PLK1 inhibition induced cell death in
different cancer types including pancreatic cancer10, breast can-
cer11 bladder cancer12 and oropharyngeal carcinomas13. Treatment
with PLK1 inhibitors increased the overall survival rate of cancer
patients in clinical studies compared to chemotherapy alone14.

Volasertib, a selective PLK1 kinase inhibitor, was granted the
‘orphan drug’ designation from the U.S. Food and Drug Admin-
istration (FDA) and European Commission (EC) for acute myeloid
leukemia15,16. This has raised interest to identify further novel
PLK1 inhibitors. However, PLK1 kinase domain inhibitors such as
volasertib and BI253615 showed inhibitory off-target effects
towards other Ser/Thr kinases, mainly the death-associated protein
kinases (DAPKs), which counteract cell death induced by PLK1
inhibition17.

PLK1 also contains a regulatory domain, the Polo box domain
(PBD), which is characteristic for this family of kinases18. The
PBD of PLK1 triggers specific subcellular localization by inter-
acting with phosphorylation sites of targeted substrates19. Site-
directed mutagenesis of the substrate binding site in PBD disrupted
localization of PLK1 to mitotic spindles, centrosomes and the
mitotic apparatus20. This leads to mitotic arrest and apoptotic cell
death21. Substrate recognition by the PBD not only determines
PLK1 localization, but also relieves the auto-inhibitory effect on
the N terminal catalytic domain of PBD, resulting in kinase
activation for target phosphorylation22. The PBD is found only
among the members of the PLK family, which makes it an
interesting target for PLK1 inhibition23.

In this study, we screened a library of 1162 compounds with the
aim of identifying novel PLK1 inhibitors. The ability of one
candidate compound identified during screening (3-bromomethyl-
benzofuran-2-carboxylic acid ethyl ester; designated: MCC1019)
to inhibit PLK1 was confirmed in biochemical assays. MCC1019
was able to inhibit cell growth and induce cell-cycle arrest in vitro.
Treatment of a syngeneic murine lung cancer model with
MCC1019 significantly inhibited tumor growth in vivo, suggesting
that MCC1019 might be of interest for the treatment of human
tumors.
2. Material and methods

2.1. Cell lines and culture

A549 lung adenocarcinoma cells and U87MG glioblastoma cells
were obtained from the Tumor Bank of the German Cancer
Research Center (DFKZ, Heidelberg, Germany), MCF-7 breast
adenocarcinoma cells were obtained from Dr. Jörg Hoheisel
(DKFZ), human lymphoblastic CCRF-CEM leukemia cells and
their multidrug-resistant subline, CEM/ADR5000 were obtained
from Prof. Axel Sauerbrey (University of Jena, Jena, Germany).
Human HepG2 hepatocellular carcinoma cells were obtained from
American Type Cell Culture Collection (ATCC, USA). Human
chronic myeloid leukemia K562 were obtained from the Tumor
Bank (DKFZ). Human wild-type HCT116 (P53þ/þ) colon cancer
cells were provided by Dr. B. Vogelstein and H. Hermeking
(Howard Hughes Medical Institute, Baltimore, MD, USA).

U87MG, MCF-7, HepG2 and HCT116 (P53þ/þ) cell lines were
maintained in DMEM medium (Life Technologies, Schwerte,
Germany), while A549, CCRF-CEM, CEM/ADR5000 and K562
cell lines were cultured in RPMI 1640 medium (Life Technologies) in
an incubator at 37 1C with 5% CO2. Both media were supplemented
with heat-inactivated 10% fetal bovine serum (FBS), 100U/mL
penicillin, and 100 μg/mL streptomycin (Invitrogen, Darmstadt,
Germany). Doxorubicin (Sigma–Aldrich, Schnelldorf, Germany) at
a dose of 5 mg/mL was used for maintaining the multidrug-resistance
phenotype of CEM/ADR5000 cells.

2.2. Chemical and reagents

A library of 1162 synthetic and semi-synthetic drug-like com-
pounds was provided by MicroCombiChem GmbH (Wiesbaden,
Germany).

2.3. Cytotoxicity screening

The cytotoxicity of 1162 compounds towards human drug-
sensitive CCRF-CEM cells was screened using a resazurin
reduction assay24. We applied a recently published protocol of
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the resazurin assay25. Briefly, cells were seeded in 96 well plates
(104 cells/well) and then exposed to test compound at a single
concentration (30 mmol/L) in a total volume of 200 mL for 72 h.
Then, 20 mL of 0.01% resazurin were added to each well and
incubated for 4 h at 37 1C. Resazurin fluorescence was measured
using an Infinite M2000 Pro plate reader (Tecan, Crailsheim,
Germany) and used to calculate relative cell viability. Compounds
were defined as cytotoxic, if exposure resulted in mean cell
viabilities of less than 50% of the value for untreated cells.

The inhibition of growth of different cancer cell lines by
MCC1019 was assessed using concentrations in a range from
0.001 to 100 μmol/L. Three independent experiments were
performed with each six parallel measurements. The 50% inhibi-
tion concentration (IC50) values were calculated using calibration
curves, by exponential linear regression using Eq. (1):

IC50 ¼ EXP Slope=y� Intercept
� � ð1Þ

The analyses were performed using Prism 7 GraphPad Software
(La Jolla, CA, USA).

2.4. Protein expression and purification

Cloning, expression and purification of the PLK1, PLK2 and
PLK3 Polo-box domains have been previously described26.
Briefly, the DNA sequence coding the PBD of human PLK1 (aa
326–603) was amplified by PCR from plasmid DNA and then
cloned into a modified pET28a vector. The DNA sequences
coding the PBDs of human PLK2 (aa 355–685) and PLK3
(aa 335–646) were amplified using PCR from placenta cDNA
and cloned into a modified pQE70 vector carrying a C-terminal 63
His tag and an N-terminal MBP tag. Proteins were expressed in
Rosetta BL21DE3 (Novagen) and purified using His �Binds Resin
(Merck) and dialyzed into buffer containing 50 mmol/L Tris (pH
8.0) 200 mmol/L NaCl (PLK1: 400 mmol/L NaCl), 1 mmol/L
EDTA, 1 mmol/L dithiothreitol, 10% glycerol, and 0.1% Nonidet
P-40.

2.5. Fluorescence polarization assay

A total of 350 selected compounds were screened for binding to
the PBDs of PLK1, PLK2, and PLK3 using a fluorescence
polarization assay as described27,28. Briefly, 50 μmol/L of each
compound was incubated with proteins (PLK1: 20 nmol/L; PLK2:
80 nmol/L; PLK3: 250 nmol/L) for 1 h at room temperature
followed by the addition of 10 nmol/L of fluorescence-labeled
peptide. Fluorescence polarization was measured after a further
1 and 2 h using a Tecan Infinite F500 384-well plate reader
(Tecan, Crailsheim, Germany). The fluorophore-labeled peptides
used were: PLK1 PBD: 5-carboxyfluorescein-GPMQSpTPLNG-
OH; PLK2 PBD: 5-carboxyfluorescein-GPMQTSpTPKNG-OH;
PLK3 PBD: 5-carboxyfluorescein-GPLATSpTPKNG-OH. The
assays were performed in a buffer containing 10 mmol/L Tris
(pH 8.0), 50 mmol/L NaCl, 1 mmol/L EDTA, 0.1% Nonidet P-40,
2% DMSO and 1 mmol/L DTT. Inhibition curves with MCC1019
were performed by incubating protein with concentrations ranging
from 0.1 μmol/L to 100 μmol/L for 1 h at room temperature,
followed by addition of peptide and incubation for a further 1 h
at room temperature before measurement of fluorescence polariza-
tion. The experiments were performed in triplicate. Data were
analysed with OriginPro software (OriginLab, Northampton,
MA, USA).
2.6. Microscale thermophoresis

Microscale thermophoresis (MST) was used as described29 for
investigating ligand protein interactions between MCC1019 and
full length recombinant PLK1 (Thermo Fisher Scientific, Dreieich,
Germany) or the PLK1 PBD fragment. The procedure was
previously reported30. Briefly, recombinant PLK1 and purified
PLK1 PBD were labeled with Monolith™ NT.115 Protein
Labeling Kit BLUE-NHS (NanoTemper Technologies, Munich,
Germany). Then, PLK1 (200 nmol/L) or PLK1 PBD (500 nmol/L)
were titrated against different concentrations of MCC1019. The
reactions were performed in analysis buffer (50 mmol/L Tris buffer
pH 7.0, 150 mmol/L NaCl, 10 mmol/L MgCl2 and 0.05% Tween
20). The samples were filled in standard capillaries and fluorescent
signal measurement was performed using a Monolith NT.115
instrument (NanoTemper Technologies). The results were calcu-
lated with 20% LED power and 40% MST. The dissociation
constant (Kd) of MCC1019 binding to PLK1 or PLK1 PBD were
calculated, and fitting curves were generated using MO.affinity
analysis software (Nano Temper Technologies).

2.7. Molecular docking

In silico molecular docking was performed using FlexX from
LeadIT 2 .3.2 software (BioSolveIT, Sankt Augustin, Germany).
The 3D protein structure of the PLK1 PBD was uploaded from
RCSB Protein Data Bank (PDB: 4 � 9R), and MCC1019 in mol2
format was retrieved from the Zinc Database 12 (ZINC03184477).
The binding site was determined using a reference ligand of the
crystal structure. The test ligand was then superimposed to the
binding site and the active amino acids of the protein. The binding
energies were calculated using the FelxX algorithm and were
selected according to the top 10 poses of the ligand.

2.8. Visualization and HYDE scoring

SeeSAR v.7.2 from BioSolveIT was used for the estimation of free
binding energies. SeeSAR visualizes the atom-based affinity
contribution based on estimation of the HYDE score. The HYDE
score evaluates atomic hydrogen bonding, desolvation and hydro-
phobic interaction31. As this calculation is based on atomic
interaction, SeeSAR visualizes ligand protein interactions in a
framework using coronas, in which green spheres represent
favourable affinity and red ones represent unfavourable affinities.
MCC1019 mol2 files were uploaded and docked to the PLK1 PBD
crystal structure (PDB: 4 � 9R).

2.9. Cell cycle analysis

A549 cells treated with different concentrations of MCC1019 (10, 20,
30 or 40 mmol/L) for 24 h were fixed with cold 95% ethanol and
incubated at 4 1C for 1 h. Then, cells were washed with PBS and
stained with propidium iodide (PI, 50 μg/mL, Sigma–Aldrich) for 15
min at 4 1C. Cell cycle analysis was performed using a BD Accuri™
C6 flow cytometer (Becton-Dickinson, Heidelberg, Germany).

2.10. Western blot

A549 cells were treated with MCC1019 for the times indicated, then
cells were washed with PBS. Protein extraction was then performed
using M-PERs Mammalian Protein Extraction Reagent including 1%
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HaltTM Protease Inhibitor Cocktail (Thermo Scientific). Total protein
concentrations were determined using a NanoDrop 1000 spectro-
photometer (Thermo Scientific). Membranes were incubated with
blocking buffer [3% BSA in Tris-buffered saline Tween 20 (TBST)]
for 1 h at room temperature. Then, membranes were incubated with
primary antibodies [anti-BUBR1 rabbit polyclonal antibody (1:1000,
Abcam, Cambridge, UK), anti-phospho-AKT (Ser473) antibody
(1:1000, Cell Signaling, Frankfurt, Germany), anti-phospho-FOXO1
(Ser256) antibody (1:1000, Cell Signaling), anti-HIF-1α antibody
(1:1000, Cell Signaling), anti-PTEN antibody (1:1000, Cell Signaling),
anti-PARP polyclonal rabbit antibody (1:1000, Cell Signaling,),
anti-LC3B polyclonal rabbit antibody (1:1000, Cell Signaling), anti-
beclin-1 polyclonal rabbit antibody (1:1000, Cell Signaling), anti-
PLK1 polyclonal rabbit antibody (1:1000, Cell Signaling),
anti-phospho-PLK1 (Thr210) polyclonal rabbit antibody (1:1000, Cell
Signaling), anti-cyclin B1 polyclonal rabbit antibody (1:1000, Cell
Signaling), anti-phospho-histone H 3 (Ser10) polyclonal rabbit anti-
body (1:1000, Cell Signaling), or anti-β-actin polyclonal rabbit anti-
body (1:2000, Cell Signaling)] overnight at 4 1C. Then, HRP-linked
anti-rabbit IgG (1:3000, Cell Signaling) was incubated with the
membranes for 1 h. LuminataTM Classico Western HRP substrate
(Merck Millipore Darmstadt, Germany) was used for detection, and
the proteins were visualized using an Alpha Innotech FluorChem Q
system (Biozym, Oldendorf, Germany). Data analysis was performed
using Image Studio Lite software.

2.11. Immunofluorescence microscopy

A549 cells treated with 40 mmol/L of MCC1019 for 24 h were
washed with PBS and fixed using 3.7% paraformaldehyde at room
temperature for 30 min. After blocking with 5% FBS and
0.3% Triton X-100 in PBS for 1 h at room temperature, rabbit
α-tubulin antibody (ab52866, Abcam) was added for 2 h at room
temperature. Secondary antibody goat anti-rabbit IgG H&L (Alexa
Fluors 488) was added for 1 h at room temperature. Wash steps
after each antibody incubation were performed in triplicate with
PBS. Cells were additionally stained using 2 mg/mL 40,6-diami-
dino-2-phenylindole (DAPI) (Sigma–Aldrich), and mounted in
Fluoromount-Gs (SouthernBiotech, Birmingham, AL, USA). An
EVOS SL digital inverted microscope (Life Technologies) was
used for fluorescent imaging.

2.12. Autophagy detection

Autophagy was assessed using the Autophagy Detection Kit
(ab139484, Abcam). A549 cells were treated with 40 mmol/L of
MCC1019 for 48 h. Cells were collected by centrifugation and
washed using assay buffer (supplied in the Autophagy Detection
Kit). Cells were re-suspended in 250 μL indicator-free cell culture
medium containing 5% FBS, followed by incubation with a further
250 μL medium containing green stain solution (supplied in the
Autophagy Detection Kit) at 37 1C for 30 min. Afterwards, cells
were washed with assay buffer, and pellets were re-suspended in
500 μL assay buffer. Flow cytometric analysis was performed
using the green (FL1) channel of a BD Accuri™ C6 flow
cytometer.

2.13. Syngeneic murine tumor model

Eight-week-old C57BL/6 mice (male and female body weight 257 5
g) were purchased from The Chinese University of Hong Kong, China.
All animal experiments were carried out in accordance with the
“Institutional Animal Care and User Committee Guidelines” of the
Macau University of Science and Technology, China. The animals
were maintained under specific pathogen-free conditions in alternating
12-h light/dark cycles, and a temperature-controlled room with food
and water ad libitum. Murine LLC-1 lung cancer cells (1 � 106 cells)
and murine RM-1 prostate cancer cells (1� 106 cells) were
subcutaneously injected into the right dorsal region of the mice as
previously described32. After tumors grew to a size of about 100mm3,
the mice were randomly divided into three groups (6–8 mice per
group): (1) vehicle control, (2) treated with 20mg/kg MCC1019, or
(3) treated with 40mg/kg MCC1019. MCC1019 was dissolved in
100 μL buffer (PEG400:ethanol:ddH2O ¼ 6:1:3), and then intraper-
itoneally injected into mice daily for 16 days (LLC-1 model) or
14 days (RM-1 model). Body weight and tumor volume (mm3) were
measured daily using balance and a Vernier caliper with the formula
L � W2 � 0.52, where L was tumor length and W tumor width.
2.14. In vivo metastasis assay

Tumor and lung tissues were harvested at the end of animal
experiments for molecular and histochemical analyses. Tumor
samples were stored at –80 1C, then homogenized in cold PBS buffer
and centrifuged for 10min at 10,000 rpm at 4 1C. Then, 10 μL of the
pellet was added to 200 μL RIPA buffer for 1 h. Protein fractions
were processed for immunoblot analysis as described above. The
lung tissues were fixed with 4% paraformaldehyde, embedded in
paraffin, cut into 5 μm sections, and processed for routine hematox-
ylin and eosin (HE) staining. Five HE-stained lung sections, taken at
50 μm intervals, were examined by microscope for metastatic lesions.
Samples were imaged using a Leica DFC310 FX camera and lung
areas were calculated with the Leica Application Suit V4.4 software.
Metastatic lung areas were calculated as Eq. (2):

Percentage of metastatic burden area¼Metastatic=Lung area ð2Þ
To determine the maximal tolerance dose (MTD), sub-chronic

toxic doses of MCC1019 were tested in C57BL/6 mice for 7 days.
The mice were orally administered with 100 or 200 mg/kg
MCC1019 for 7 consecutive days (n ¼ 6). The survival and
body weight of mice were monitored and recorded.
2.15. Immunohistochemistry

Sections of paraffin embedded tissues were used for immunohis-
tochemistry (IHC) analysis. Ultra-Sensitive ABC Peroxidase
Rabbit IgG Staining Kit (ThermoFischer) was applied for the
detection of protein expression. For antigen retrieval, citrate buffer
(Sigma) was used for 20 min at 99 1C. Then, 3% H2O2 was applied
for 10 min at room temperature to block endogenous peroxide.
Normal goat serum was applied for 30 min. As primary antibody,
anti-BUBR1 rabbit polyclonal antibody (1:100, Abcam) was
incubated overnight at 4 1C. The secondary antibody, biotinylated
affinity-purified goat anti-rabbit IgG, was added for 1 h. The
avidin–biotin complex (ABC) was then added for 20 min. DAP
Quanto substrate (ThermoFischer) was applied for 5 min followed
by counter-staining with hemalaun solution (Merck). Tissues were
dehydrated and scanned by Panoramic Desk (3D Histotech
Pannoramic digital slide scanner, Budapest, Ungary). Quantifica-
tion of stained slides was performed by panoramic viewer software
(NuclearQuant, 3D HISTECH).



Novel PLK1 inhibitor 1025
3. Results

3.1. MCC1019 is a PLK1-PBD inhibitor

Cytotoxicity screening of a library of 1162 compounds led to the
identification of 350 cytotoxic candidates. These were subjected to a
further high-throughput assay based on fluorescence polarization,
where the compounds were tested for binding to the PBD of
PLK1, followed by selection for selectivity to PLK1-PBD over
binding of PLK2-PBD and PLK3-PBD. Compound MCC1019
preferentially inhibited PLK1 PBD and was chosen for further
investigations.
Figure 1 Inhibition of PLK1 PBD by MCC1019. (A) Inhibition of the bin
PBDs by MCC1019 using a fluorescence polarization assay. The data
(B) Thermophoresis binding curve of MCC1019 to the PLK1 and PLK1 PB
molecular docking of MCC1019 to the PLK1 PBD (PDB: 4X9R). (D) SeeS
HYDE corona coloring is based on atomic affinity: green for favourable a
acids. (E) Dose response curves of MCC1019 for different cancer cell line
analysis of PLK1 expression on each cell. The data are represented as me
Dose–response curves of MCC1019 on binding of the peptide
5-carboxyfluorescein-GPMQSpTPLNG to PLK1 PBD gave an
IC50 value of 16.47 2.4 mmol/L (Fig. 1A). MCC1019 showed a
2.75-fold higher specificity for PLK1 PBD over PLK2-PBD (IC50

¼ 44.1 7 14.4 mmol/L) and more than 6-fold higher specificity
over PLK3 PBD (IC50 4 100 mmol/L).

Binding of MCC1019 to whole enzyme PLK1 and PLK1 PBD
were verified with microscale thermophoresis, a technique that
tests the binding of compounds to proteins by assessment of
the movement of particles under a temperature gradient33. Differ-
ent concentrations (1:1 dilutions) of MCC1019 ranging from
0.02 to 400 mmol/L were titrated against 400 nmol/L of PLK1 or
ding of fluorescein-labeled phosphopeptides to PLK1, PLK2 or PLK3
are represented as mean 7 SD of three independent experiments.
D obtained by microscale thermopheresis. (C) Surface visualization of
AR visualization of MCC1019 binding to human PLK1 (PDB: 4X9R):
nd red for unfavourable predicted affinities between atoms and amino
s obtained by cytotoxicity resazurin reduction assay, with westernblot
an 7 SD of three independent experiments.
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500 nmol/L of PLK1 PBD, labeled with NT-495-NHS dye. Upon
treatment with MCC1019, PLK1 and PLK1 PBD fluorescence
decreased in a dose-dependent manner (Fig. 1B). MCC1019 bound
to PLK1 with a Kd value of 12.77 mmol/L (standard error of
regression 0.406), while it bound to PLK1 PBD with a Kd value of
18.9 mmol/L (standard error of regression 1.13). An in silico
molecular docking model suggested a high affinity of MCC1019
for the crystal structure of PLK1 PBD (PDB: 4� 9R) with a
FLexX score of –16.9 kJ/mol. The ligand receptor interaction
(Fig. 1C) showed hydrogen bond interactions to the amino acids
His538 and Lys540 in addition to the water molecules Hoh103 and
Hoh110.

To perform a virtual structure activity relationship (SAR)
analysis, we used SeeSAR 6 from LeadIT (Fig. 1D) to identify
potential interactions between active sites in the MCC1019
scaffold and the PLK1 PBD binding pocket. For this purpose,
we estimated the Hyde scoring function, which calculates the
binding energy based on free dehydration energy and hydrogen
bonding energy31. We found three atoms of MCC1019 that
had the highest contribution to the overall score: (1) Br16
interacted with Trp414 and Lys413 (Hyde value: –3.1 kJ/mol),
(2) C9 interacted with Leu49 and Ala493 (Hyde value:
–3.8 kJ/mol), and (3) O5 interacted with Trp414 and Asn535
(Hyde value: –3.4 kJ/mol).
3.2. Cytotoxicity of MCC1019

MCC1019 exerted profound cytotoxicity across a panel of cancer
cell lines. The 50% inhibition concentrations (IC50) of all tested
cell lines as determined by the resazurin assay are shown in
Fig. 1E. Hematologic malignancies (CCRF-CEM, K562 and
CEM/ADR5000) were more sensitive to MCC1019 (IC50 o 2
mmol/L) than cell lines from solid tumors (A549, MCF-7, HepG2,
HCT116 and U87) (IC50 o 25 mmol/L). Interestingly, P-glycopro-
tein-expressing, multidrug-resistant CEM/ADR5000 cells were not
cross-resistant to MCC1019, indicating that MCC1019 is not
involved in the multidrug resistance phenotype.
3.3. MCC1019 induce downregulation of PLK1 substrates

The down-regulation of PLK1 downstream proteins was examined
by western blot. A considerable decrease in budding uninhibited
by benzimidazole-related 1 (BUBR1) expression was noticed with
increasing concentration of MCC1019 in A549-treated cells
(Fig. 2A). Another important downstream protein is AKT. A
reduction of AKT phosphorylation was noticed with increasing
MCC1019 concentrations of A549 cells. Attenuation of AKT as
important factor in cell growth was further confirmed by inhibition
of downstream targeted proteins including p-FOXO1 and hypoxia-
inducible factor 1 α (HIF-1α) as shown in Fig. 2A. AKT signaling
pathway is responsible for forkhead box O (FOXO) phosphoryla-
tion and localization to the cytosol, which therefore prevents
nuclear transcription factor activation34. Active FOXO promotes
apoptosis, cell cycle arrest and autophagy35,36. As shown in
Fig. 2A, inhibition of AKT and therefore FOXO phosphorylation
through MCC1019 led to FOXO activation.

Another important targeted downstream candidate is HIF-1α37,
which is considerably down regulated with MCC1019 treatment.
A diagram explaining effect of PLK1 inhibition on FOXO1 and
HIF-1α is shown (Fig. 2B).
3.4. MCC1019 induced M phase cell cycle arrest

Flow cytometry analysis revealed a concentration-dependent
elevation of G2/M population of A549 cells by MCC1019
(Fig. 3A). To investigate the role of MCC1019 in the cell cycle,
PLK1 and cyclin B expression was assessed at different time
points. Compared to untreated control cells, MCC1019 induced
higher expression levels of PLK1 and cyclin B1 after treatment for
24 and 48 h (Fig. 3B), indicating accumulation of cells in the
mitotic phase with failure of cytokinesis completion. This was
followed by lower expression levels after 72 h suggesting the
initiation of cell death. For confirmation of this result, we
monitored the expression levels of mitotic markers, i.e., phos-
pho-PLK1, PLK1, cyclin B and phosphorylated Histone H3
(pHH3) S10 after treatment for 24 h. As shown in Fig. 3C, a
concentration-dependent increase in the expression of these mitotic
markers was found in treated A549 cells compared to untreated
control cells.
3.5. Immunofluorescence microscopy

In order to assess whether the prolonged mitotic arrest induced by
MCC1019 was consistent with inhibition of PLK1 function, we
determined the effect of MCC1019 on mitotic spindles. A549 cells
were incubated with MCC1019 for 24 h and stained with an
antibody against α-tubulin and the DNA dye DAPI. MCC1019-
treated cells showed multipolar spindle formation and fragmenta-
tion, consistent with the phenotype seen with PLK1 interference 38

(Fig. 3D). This result may explain the accumulation of mitotic
cells as a result of the failure to organize mitotic microtubules,
ultimately leading to cell death.
3.6. MCC1019 induced apoptosis and autophagy

We aimed to investigate different modes of cell death induced by
MCC1019. First, we tested the induction of apoptosis by
MCC1019. Western blot analysis showed increased poly(ADP-
ribose) polymerase-1 (PARP-1) cleavage after 48 or 72 h treatment
with MCC1019 (Fig. 4A), which indicated apoptosis as mode of
cell death.

Also, we investigated autophagy. Interestingly, MCC1019
increased the expression level of the autophagy marker light chain
3 (LC3-II) after treatment for 24, 48 and 72 h, indicating
autophagosome formation (Fig. 4A). We confirmed autophagy
induction by flow cytometry analysis of green detection reagent
(supplied in the Autophagy Detection Kit). The right shift in the
excitation and fluorescence emission spectra (463/534 nm) in
Fig. 4B indicated autophagy induction.

Furthermore, to verify whether the increased autophagy was
related to cell death, we investigated the effects of the
autophagy inhibitor 3-methyladenine (3-MA) and necroptosis
inhibitor necrostatin 1 (Nec-1) on the growth inhibitory effect of
MCC1019 on A549 cells (Fig. 4C). No significant effect was
observed upon treatment with 3-MA, indicating that in this case
autophagy might be rather a tumor-protective mechanism.
Necrostatin-1 treatment reversed cell growth inhibition induced
by MCC1019, suggesting that MCC1019 induced cell death by
necroptosis. The effect of MCC1019 on the morphology of
A549 cell line is shown in Fig. 4D, where swelling of cells is
evident.



Figure 2 MCC1019 inhibit downstream effector proteins of PLK1. (A) Western blot analysis of BUBR1, p-AKT, p-FOXO1 and HIF-1α after
treatment with different concentrations of MCC1019 for 24 h. Data represent relative expression intensity to β-actin, Error bars are 7 SD of three
independent experiments. (B) Diagram showing molecular effects of PLK1 inhibition on AKT signaling pathway that appeared in the study.
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3.7. In vivo activity of MCC1019 in a syngeneic murine tumor
model

The in vivo activity of MCC1019 was investigated using the
murine LLC-1 lung cancer cell line and the murine RM-1 prostate
cancer cell line. MCC1019 (20–40 mg/kg) was intraperitoneally
injected daily into tumor-bearing mice. Tumor volume and body
weight of mice were monitored daily. MCC1019 significantly
inhibited tumor growth after two weeks of treatment compared to
vehicle-treated control animals, which showed progressive tumor
growth (Fig. 5A). LLC-1 lung tumors showed 51.1% and 68.1%
inhibition by 20 and 40 mg/kg MCC1019, respectively. In addi-
tion, 40 mg/kg MCC1019 induced 61.5% tumor growth
inhibition of RM-1 prostate tumors (Fig. 4B). These doses did
not cause any significant change in body weight (Fig. 5B) or the
weight of individual organs (heart, liver, spleen, lung and kidney,
as shown in Fig. 5C) with the exception of the spleen. This result
may be explained by the reported high PLK1 expression in the
spleen39.
3.8. Safety assessment

To determine the safety of a higher dose of MCC1019 in vivo,
C57/BL mice were orally administered with 200 mg/kg MCC1019
daily for 7 consecutive days (n ¼ 6) and the survival and body
weight of mice were monitored. After 7 days, all mice were still
alive and did not show any significant reduction in body weight
(Fig. 6). This result indicates that the therapeutic window of
MCC1019 used in our experiments was safe enough for future
drug development.

3.9. MCC1019 reduced the area of lung metastases

We examined the in vivo effects of MCC1019 on tumor
metastasis. Metastatic areas in normal lung tissue of mice
harboring LLC-1 tumors were inspected after 18 days of treatment
with MCC1019. The metastatic area was calculated as Eq. (3):

Percentage of metastatic burden area¼Metastatic=Lung area ð3Þ



Figure 3 Induction of mitotic arrest by MCC1019. (A) Flow cytometric cell cycle analysis of exponentially growing A549 cells treated with
MCC1019 for 24 h in a concentration range from 10 to 40 μmol/L. The data are represented as mean 7 SD of three independent experiments.
(B) Western blot analysis of A549 cell lysates treated with MCC1019 for 8, 16, 20, 24, 48 or 72 h. Increased expression levels of PLK1 and cyclin
B1 were seen after 24 h treatment. (C) Western blot analysis of the mitotic markers PLK1, cyclin B1 and p-HH3 after treatment with different
concentrations of MCC1019 for 24 h. Data represent relative expression intensity to β-actin, Error bars are 7 SD of three independent
experiments. (D) Immunofluorescence analysis of A549 treated with MCC1019 and DMSO (control) and stained for α-tubulin (green) and DNA
(blue). The data are represented as mean 7 SD of cells undergoing mitosis.
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Figure 4 Induction of apoptosis and necroptosis by MCC1019. (A) Western blot analysis of the apoptosis marker PARP and the autophagy
markers LC3B and Beclin-1 in A549 cells treated with MCC1019 (20 or 40 μmol/L) for 24, 48 or 72 h. Data represent relative expression intensity
to β-actin, Error bars are 7 SD of three independent experiments. (B) Flowcytometric analysis of green dye signal for the detection of autophagy
in A549 cells treated with MCC1019 (40 μmol/L) or chloroquine (50 μmol/L) as positive control. (C) Dose response curves of A549 treated with
MCC1019 alone or in combination with 3 methyladenine (3-MA) or necrostatin-1 (Nec-1) obtained by cytotoxicity resazurin reduction assay. The
data are represented as mean 7 SD of three independent experiments. (D) Images of A549 cells after 24 h treatment with MCC1019 (40 μmol/L)
taken with Juli Br live cell analyzer.
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As shown in Fig. 7A, the number of mice with lung
metastasis decreased after treatment with two dosages of
MCC1019 (one single metastatic lesion within six mice)
compared to treatment with vehicle only (7 metastatic lesions
within 8 mice). In addition, the size of the resulting lung
metastatic lesions was quantified and showed the same tendency
that was observed in metastasis frequency (Fig. 7B and C). The
average of metastatic burden area per group was 4.1%, 0.1%
and 2.1% for the vehicle control, MCC1019 (20 mg/kg) and
MCC1019 (40 mg/kg), respectively. These results demonstrated
the anti-tumor efficacy of MCC1019 in vivo by inhibiting tumor
growth and metastatic progression.

Besides, immunohistochemical staining of LLC-1 tumors showed
a downregulation of BUBR1 expression upon treatment with
MCC1019 (Fig. 7D). This result matches with in vitro data and
confirm direct attenuation of BUBR1 activity due to PLK1 inhibition.



Figure 5 Inhibition of tumour growth in vivo by MCC1019. (A) LLC-1 lung tumor bearing mice and RM-1 prostate tumor bearing mice models
were used to determine the in vivo anti-tumor efficacy of MCC1019. (B) Total animal body weight changes were monitored after treatment with
MCC1019 in both models. (C) Tumors and organs weight changes after MCC1019 treatment in LLC-1. The data are represented as mean 7 SD (n
¼ 6–8/group).
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Figure 7 MCC1019 inhibits tumor metastasis in vivo. MCC1019 (20 and 40 mg/kg/day) suppressed the lung metastasis frequency. Lung tissue
sections from MCC1019 or vehicle control-treated mice (LLC-1 bearing mice model) were stained by hematoxylin. Metastasized LLC-1 cancer
cells with larger nuclei were visualized in lung tissues and captured from 6–8 animals of each group. Normal images, 10� magnifications;
enlarged images, 40 � magnification. (A) The bar chart represents the number of mice that survived in each group. Number of mice with lung
metastatic lesions (red area) and mice without metastatic lesion (blue area) are shown. (B) MCC1019 (20 and 40 mg/kg/day) reduced the metastatic
burden area. The percentage of metastatic burden area is displayed. Each dot represents one mouse. Data represent mean 7 SEM. **Pr0.01,
Mann–Whitney t-test for comparison between vehicle and MCC1019 (20 mg/kg/day). (C) Representative H&E stained lung sections images with
metastatic lesions. Infiltrating metastatic cells are detailed at higher magnification. (D) Immunohistochemical determination of BUBR1 expression
in formalin-fixed, paraffin-embedded LLC-1 cancer cells. The data are represented as mean 7 SD of six randomly selected sections.

Figure 6 Determination of the sub-chronic toxic dose of MCC1019. C57/BL/6 mice were orally administrated with 200 mg/kg MCC1019 for
7 consecutive days (n ¼ 6). The survival and body weight of mice were monitored and recorded.
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4. Discussion

There is an emerging interest in developing new PLK1 inhibitors
as anticancer agents. Our initial screening of 1162 compounds
identified MCC1019 as potential novel PLK1 inhibitor with
activity against the PBD of PLK1 and toxicity against CCRF-
CEM leukemia cancer cells. Fluorescence polarization assays and
microscale thermophoresis indicated that MCC1019 revealed high
affinity for the PBD of PLK1, whilst binding to the PBDs of PLK2
and PLK3, which have tumor suppressor functions40,41, was lower.
Besides, MCC1019 showed high binding affinity to whole
recombinant PLK1 enzyme. The binding site of PLK1 PBD
consists of two halves: a hydrophobic half identified by amino
acids Val411, Trp414, Leu490, and Leu491, and a positively
charged half consisting of His538, Lys540, and Arg55742.
Molecular docking of MCC1019 binding to PLK1 PBD and
virtual structure activity relationship analysis suggested that
MCC1019 interacts with Trp414 and His538.

In this study, we demonstrated important aspects regarding the
activity of MCC1019 for cancer treatment. First, we reported a
promising in vitro activity of MCC1019 in a panel of cancer cell
lines. The susceptibility of drug-resistant CEM/ADR5000 cells to
MCC1019 indicated that MCC1019 is not a substrate for the
multidrug resistance protein P-glycoprotein, which causes drug



Sara Abdelfatah et al.1032
efflux from cancer cells43. This suggests that refractory and
otherwise non-responsive tumors may be treated with MCC1019.

Then, we addressed question whether the growth inhibitory
effect of MCC1019 can also be detected on PLK1 downstream
protein, e.g., AKT which is a known PLK1 substrate44. AKT is an
important protein kinase that triggers survival, proliferation and
growth of cancer cells45. Our results showed that MCC1019
terminated AKT activation and affected its downstream substrates.
For example, FOXO a conserved AKT substrate showed decreased
of phosphorylated form. This leads to an increase of the nuclear
non-phosphorylated form of FOXO, which results in transcription
of targeted genes. FOXO promotes the expression of pro-apoptotic
genes of the BCL2 family46. FOXO also induces cell cycle arrest
by enhanced transcription of the cyclin-dependent kinase inhibitor
p27kip1 47. Another important target for AKT signaling is HIF-1α.
HIF-1α has an important role in transcriptional activation of genes
responsible for tumorigenesis, angiogenesis and cancer develop-
ment48,49. This effect is also attenuated as a result of PLK1
inhibition.

BUBR1 is a major player in spindle assembly checkpoint
(SAC), a mechanism responsible for proving the proper attachment
between chromosomes and spindles and though preventing chro-
mosome mis-segregation50. PLK1 regulates BUBR1 and facilitate
chromosome alignment51. MCC1019 treatment both in vitro and
in vivo showed a considerable decrease in BUBR1 expression
leading to mitotic defects.

The results of flow cytometry cell cycle analysis and monitoring
of the expression level of mitotic markers with Western blot
demonstrated that MCC1019 induced prolonged mitotic arrest.
This can be explained by inhibition of the normal PLK1 functions
in mitosis and cytokinesis.

The activation of M phase promoting factor (CDC2–cyclin B1
complex) represents a main driver of cell cycle progression
through the M phase52. PLK1 mediates nuclear translocation of
cyclin B1 during prophase and promotes the accumulation of
active phosphatase CDC25C, which activates M phase promoting
factor (MFP)53,54. An oscillation of PLK1 and MFP activity is
mediated through negative feedback loops55, which explains the
accumulation of mitotic markers upon prolonged treatment with
MCC1019. Immunofluorescence microscopy indicated that mitotic
arrest due to MCC1019-mediated PLK1 inhibition is a result of
improper spindle formation and chromosomal alignment, which
leads to mitotic catastrophe and cell death.

We also focused on the mode of cell death resulting from PLK1
inhibition by MCC1019. Late apoptosis took place after 48 h
treatment as detected by increased cleavage of PARP. Cleaved
PARP contains a DNA binding domain that binds to single- or
double-stranded DNA breaks and is responsible for initiating
damage repair 56,57.

We also investigated autophagy and observed an increase of
autophagy markers in MCC1019-treated A549 cells. However,
treatment with 3-methyladenine, a selective PI3K inhibitor that
inhibits autophagosome formation, did not prevent MCC1019-
induced cell death. It is well known that autophagy has a dual role
in cancer cells58. MCC1019-induced autophagy may play a
protective role for cancer cells. Furthermore, we found that
necroptosis represents another cell death mechanism of
MCC1019, since co-treatment with necrostain-1 cells abolished
the cytotoxicity of MCC1019.

We demonstrated that MCC1019 significantly inhibited tumor
growth in vivo using murine syngeneic LLC1 lung and RM-1
prostate cancer models. MCC1019 did not exert significant
toxicity as assessed by whole body or organ weight in treated
mice even after 18 days of treatment with 40 mg/kg, although
some spleen enlargement was observed. The safety of MCC1019
at higher doses was addressed by administering 100 and 200 mg/
kg doses in C57BL/6 mice, where 100% survival was observed
after 8 days of continuous treatment.
5. Conclusions

MCC1019 was identified as a selective inhibitor of PLK1 PBD. It
showed activity against tumor cells both in vitro and in vivo. We
present MCC1019 as a promising anti-cancer drug candidate
worthy of further development.
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