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Abstract

Monopolar spindle 1 (Mps1) has been shown to function as the
key kinase that activates the spindle assembly checkpoint (SAC) to
secure proper distribution of chromosomes to daughter cells.
Here, we report the structure and functional characterization of
two novel selective Mps1 inhibitors, BAY 1161909 and BAY
1217389, derived from structurally distinct chemical classes.
BAY 1161909 and BAY 1217389 inhibited Mps1 kinase activ-
ity with IC50 values below 10 nmol/L while showing an
excellent selectivity profile. In cellular mechanistic assays, both
Mps1 inhibitors abrogated nocodazole-induced SAC activity
and induced premature exit from mitosis ("mitotic break-
through"), resulting in multinuclearity and tumor cell death.
Both compounds efficiently inhibited tumor cell proliferation
in vitro (IC50 nmol/L range). In vivo, BAY 1161909 and BAY
1217389 achieved moderate efficacy in monotherapy in tumor

xenograft studies. However, in line with its unique mode of
action, when combined with paclitaxel, low doses of Mps1
inhibitor reduced paclitaxel-induced mitotic arrest by the
weakening of SAC activity. As a result, combination therapy
strongly improved efficacy over paclitaxel or Mps1 inhibitor
monotreatment at the respective MTDs in a broad range of
xenograft models, including those showing acquired or intrin-
sic paclitaxel resistance. Both Mps1 inhibitors showed good
tolerability without adding toxicity to paclitaxel monotherapy.
These preclinical findings validate the innovative concept of
SAC abrogation for cancer therapy and justify clinical proof-of-
concept studies evaluating the Mps1 inhibitors BAY 1161909
and BAY 1217389 in combination with antimitotic cancer
drugs to enhance their efficacy and potentially overcome
resistance. Mol Cancer Ther; 15(4); 583–92. �2016 AACR.

Introduction
Cell-cycle deregulation represents one of the classical hallmarks

of cancer, and cell-cycle arrest is the predominant mode of action
of antimitotic cancer drugs (e.g., taxanes and vinca alkaloids).
Targeteddisruptionofmitotic cell-cycle checkpoints offers a novel
approach to cancer treatment: driving tumor cells into cell divi-
sion despite DNA damage or unattached/misattached chromo-
somes, resulting in a lethal degree of DNA damage or aneuploidy.

Monopolar spindle 1 (Mps1), also known as TTK, is a serine
threonine kinase, which ensures proper biorientation of sister
chromatids on themitotic spindle by the activation of the spindle
assembly checkpoint (SAC). The SAC controls attachments
between microtubules (MT) and kinetochores (KT) during
prometaphase and blocks transition to anaphase until all chro-
mosomes are correctly tensed, attached, and bioriented at the
metaphase plate (1). Mps1 therefore plays an important role in

securing proper chromosome alignment, orientation, and segre-
gation during mitosis.

Mps1mediates direct activation of SAC components, including
kinetochore null protein 1 (KNL1),mitotic arrest deficient (MAD)
1/2, and budding uninhibited by benzimidazole (Bub) 1, 3 and
related 1 (BubR1) and/or their recruitment to unoccupiedKTs (2–
10). Mps1-mediated direct phosphorylation of KNL1 is required
for Bub1 and Bub3 kinetochore localization (9, 10). When acti-
vated checkpoint proteins are released to the cytosol, they catalyze
the assembly of the mitotic checkpoint complex (MCC), which
inhibits the anaphase-promoting complex (APC)–mediatedpoly-
ubiquitination of mitotic proteins, for example, cyclin B and
securin, thereby delaying anaphase onset until the checkpoint is
satisfied (1, 11, 12). Furthermore, Mps1 has been reported to be
implicated in an error correction mechanism that resolves erro-
neous KT–MT attachments, which are frequently formed in early
mitosis, by phosphorylation of the chromosome passenger com-
plex subunit borealin (13, 14). Accordingly, the inhibition of
Mps1 abrogates the SAC, thereby leading to shortened mitosis,
chromosome missegregation, aneuploidy or polyploidy, and cell
death (13, 15–17).

Mps1 is expressed during mitosis in proliferating cells. Over-
expression of Mps1 is observed in a number of cancer cell lines
and tumor types, including breast cancer, anaplastic thyroid
carcinoma, and lung cancers (18–21), correlating with high
histologic grade, tumor aggressiveness, and aneuploidy/CIN in
breast cancer (18). Cancer-associated frameshift mutations,

Bayer Pharma AG, Drug Discovery, Berlin, Germany.

Note: Supplementary data for this article are available at Molecular Cancer
Therapeutics Online (http://mct.aacrjournals.org/).

Corresponding Author: Antje M. Wengner, Bayer Pharma AG, Muellerstr. 178,
Berlin D-13353, Germany. Phone: 004930-4681-5787; Fax: 004930-4681-8069;
E-mail: antje.wengner@bayer.com

doi: 10.1158/1535-7163.MCT-15-0500

�2016 American Association for Cancer Research.

Molecular
Cancer
Therapeutics

www.aacrjournals.org 583

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/15/4/583/1851188/583.pdf by guest on 19 M
ay 2023



associated with a premature stop of Mps1 biosynthesis, are
frequently found in gastric and colorectal tumors with microsat-
ellite instability (22).

On the basis of these findings, Mps1 has been considered as
one among the most promising drug targets for cancer therapy
(23). In recent years, several Mps1-inhibitory compounds have
been identified and explored for their anticancer activity in
preclinical assays (12, 24), although none have entered clinical
development.

Established antimitotic drugs, such as vinca alkaloids, tax-
anes, or epothilones, activate the SAC either by stabilizing or
destabilizing microtubule dynamics, resulting in a mitotic
arrest. This arrest prevents separation of sister chromatids to
form the two daughter cells. Dependent on the levels of cyclin
B1 versus prosurvival proteins prolonged arrest in mitosis
forces a cell either into mitotic exit without cytokinesis ("mitot-
ic slippage") or into mitotic catastrophe, leading to cell death
(25). In contrast, inhibitors of Mps1 induce SAC inactivation,
which accelerates progression of cells through mitosis, resulting
in chromosomal segregation errors and finally cell death.
Silencing of Mps1 leads to the failure of cells to arrest in
mitosis in response to antimitotic drugs. Remarkably, the
combination of microtubule-interfering agents and Mps1 inhi-
bition even increases chromosomal segregation errors and cell
death (26, 27). Therefore, the combined increase of chromo-
somal segregation errors induced by combination of antimi-
totics with SAC inhibition constitutes an efficient strategy for
eliminating tumor cells. Altogether, the inhibition of Mps1 in
combination with microtubule-targeting agents represents a
valuable mechanism that is expected to improve therapeutic
efficacy of antimitotic drugs.

In a previous work, we have presented Mps1 kinase inhibitors
from two structural distinct chemical classes (28). Derived from
these structures, we have developed two novel, potent, and highly
selectiveMps1 kinase inhibitors, BAY1161909andBAY1217389.
Here, we present, for the first time, their chemical structures
and pharmacologic in vitro and in vivo profiles. Both compounds
are currently in phase I clinical trials (NCT02138812 and
NCT02366949).

Materials and Methods
Chemicals

BAY 1161909, (2R)-2-(4-fluorophenyl)-N-[4-(2-{[2-methoxy-
4-(methylsulfonyl)phenyl]amino}[1,2,4]triazolo[1,5-a]pyridin-
6-yl)phenyl]propanamide, and BAY 1217389, N-cyclopropyl-4-
{6-(2,3-difluoro-4-methoxyphenoxy)-8-[(3,3,3-trifluoropropyl)
amino]imidazo[1,2-b]pyridazin-3-yl}-2-methylbenzamide, were
synthesized at Bayer Pharma AG. Paclitaxel was purchased from
Bristol-Myers Squibb, and cisplatin from Sigma-Aldrich.

Kinase assay
The inhibition of recombinant human Mps1 by BAY 1161909

or BAY 1217389 was assessed in TR-FRET–based in vitro kinase
assays via phosphorylation of a biotinylated peptide (biotin-Ahx-
PWDPDDADITEILG-NH2). Kinase and test compound were pre-
incubated for 15 minutes before enzyme reaction was started by
the addition of substrate and ATP upon 10 mmol/L. For further
details, see Supplementary Materials and Methods.

Kinase selectivity profiling
BAY 1161909 and BAY 1217389 were counterscreened against

a panel of kinases using theMillipore Kinase orDiscoveRx profiler
screen (29). BAY 1161909 was initially tested at 1 mmol/L in the
DiscoveRx kinase panel, followed by KD determination for 11
kinases (Supplementary Table S1). BAY 1161909 was tested at 10
mmol/L in the Millipore kinase panel, followed by retesting at 1
and 0.1 mmol/L and IC50 determination for JNK1alpha, JNK2al-
pha, and JNK3 (Supplementary Table S1). BAY 1217389 was
initially tested at 1, 0.1, and 0.01 mmol/L in the DiscoveRx kinase
panel (Supplementary Table S2).

Cell lines and cell culture
Tumor cell lines were obtained either from the ATCC or from

the German Collection of Microorganisms and Cell Cultures.
HeLa-MaTu and HeLa-MaTu-ADR cells were obtained from Epo
GmbH. Authentication of all human cell lines used was per-
formed at the German Collection of Microorganisms and Cell
Cultures. Cells were propagated under the suggested growth
conditions in a humidified 37�C incubator.

Cell proliferation assay
Cells were seeded into 96-well plates at densities ranging from

1,000 to 5,000 cells per well in the appropriate medium supple-
mented with 10% FCS. After 24 hours, cells were treated in
quadruplicates with serial dilutions of compounds. After further
96 hours, adherent cells were fixed with glutaraldehyde and
stained with crystal violet. IC50 values were calculated by means
of a 4-parameter fit using the company's own software.

Cell-based mechanistic assays
SAC assay. HeLa (ATCC CCL-2) cells were plated at a density of
1,000 cells per well in a 1,536-well microtiter plate in 2 mL cell
culture medium and incubated overnight at 37�C. G2–M arrest
was initiated by adding 0.1 mg/mL nocodazole for 24 hours. Cells
were then treated for 4 hours at 37�C in the presence of test
compounds (0 mmol/L, 0.005–10 mmol/L) solubilized in DMSO
0.5% (v/v), fixed with 4% (v/v) paraformaldehyde (PFA), per-
meabilized with 0.5% (v/v) Triton X-100, and blocked with 1%
(v/v) BSA in PBS. After washing with PBS, the phosphorylation of

Table 1. Mean pharmacokinetic parameters of BAY 1161909 and BAY 1217389 after single administration in preclinical species

Intravenous (i.v.) administration Oral (p.o.) administration
Species Gender Dose (mg/kg) t1/2 (h) Vss (L/kg) CLblood (L/h/kg) Gender Dose (mg/kg) Tmax (h) Cmax (mg/L) F (%)

BAY 1161909
Mouse M 0.5 4.9 3.4 0.69 F 1.0 4.0 120 59
Rat M 0.5 14 2.4 0.19 M 0.5 4.0 110 49

BAY 1217389
Mouse F 1.0 4.1 2.7 0.82 F 1.0 7.0 74 37
Rat M 0.5 7.8 2.2 0.54 M 0.5 1.5 177 73

NOTE: intravenous administration as bolus.
Abbreviations: M, male; F, female.
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histone H3 at serine 10 was labeled by antibody detection
(Upstate Biotechnology, cat# 16-222). Nuclei were marked with
Hoechst 33342 (Life Technologies, cat# H1399). After washing,
cells were covered with PBS and stored at 4�C until image
acquisition. Images for high-throughput microscopy were
acquiredwith aPerkinElmerOperaHigh-Content Analysis reader.
Images were analyzed with image analysis software MetaXpress
from Molecular Devices utilizing the Mitotic Index Application
Module. Assay data were further analyzed by 4-parameter Hill
equation using Genedata's Assay Analyzer and Condoseo
software.

Multinuclearity assay.U-2OS (osteosarcomaATCC:HTB-96) cells
were plated at a density of 2,500 cells per well in a 384-well
microtiter plate in 20 mL cell culture medium and incubated
overnight at 37�C. BAY 1161909 or BAY 1217389 was added at
a final concentration of 100 nmol/L in triplicates. Cells were
treated for 0, 24, 48, and 72 hours at 37�C in the presence of
test compounds. Thereafter, cells were fixed with 4% (v/v) PFA,
permeabilized with 0.5% (v/v) Triton X-100, and blocked with
0.5% (v/v) BSA in PBS. a-Tubulin structures were detected by
antibody labeling (Abcam, cat# ab7291). After blockingwith goat
IgG (Jackson ImmunoResearch, cat# 005-000-003), secondary
antibodies (Life Technologies, cat# A-11017) were applied in the
blocking solution. Cells were washed with PBS, and nuclei were
marked with Hoechst 33342 (Life Technologies, cat# H1399).
Finally, cells were washed and covered with PBS and stored at 4�C
until image acquisition. Images were acquired with a PerkinElmer
Opera High-Content Analysis reader.

Pharmacokinetic investigations
Pharmacokinetic studies were performed in male Wistar rats

and female CD1 or NMRI nu/nu mice. For i.v. studies in rats and
mice, BAY 1161909 was solubilized in 1% DMSO, 99% plasma;
for p.o. studies in rats in 50%polyethylene glycol (PEG) 400, 10%
ethanol, 40%water, and for p.o. studies inmice in 75% PEG 400,
5% ethanol, and 25% solutol. BAY 1217389 was solubilized in
50% PEG 400, 10% ethanol, and 40% water for intravenous and
p.o. dosing in rats and mice. In pharmacokinetic studies, plasma
samples were collected after 2, 5, 15, 30, 45 minutes, 1, 2, 4, 6, 8,
and 24 hours after intravenous application and after 8, 15, 30, 45
minutes, 1, 2, 4, 6, 8, and 24 hours after p.o. administration and
precipitated with ice-cold acetonitrile (1:5). Supernatants were
analyzed via LC/MS-MS. Pharmacokinetic parameters were esti-
mated from the plasma concentration data, e.g., using the log-
linear trapezoidal rule for AUC estimation. Maximal plasma
concentrations (Cmax) and time thereof (Tmax) were taken directly
from the concentration time profiles.

Animal efficacy studies
Housing and handling of animals was in strict compliancewith

European andGermanGuidelines for LaboratoryAnimalWelfare.
For tumor xenograft studies, female athymic NMRI nu/nu mice
(Taconic), 50 days old, average body weight 20 to 22 g, were
used after an acclimatization period of 14 days. Feeding
and drinking was ad libitum 24 hours per day. Human tumor
cells derived from exponentially growing cell cultures were resus-
pended for A2780cis, NCI-H1299, and SUM-149 models
in 100% Matrigel (BD Biosciences) to a final concentration of
2� 107, 3� 107, or 5� 107 cells/mL, respectively. Subcutaneous

implants of 0.1mL of 2� 106 A2780cis, 3� 106NCI-H1299, or 5
� 106 SUM-149 cells were inoculated into the inguinal region of
athymic mice. Tumor fragments of patient tumor explants MAXF
1384 or LU384, obtained from serial passage in nude mice, were
cut into fragments of 4 to 5 mm diameter and transplanted
subcutaneously into the flank of athymic mice. Tumor area
(product of the longest diameter and its perpendicular),measured
with a caliper, and body weight were determined two to three
times a week. Tumor growth inhibition is presented as treat-
ment/control ratio (T/C) calculated with tumor areas at the end
of the study. Animal body weight was used as a measure for
treatment-related toxicity. Body weight loss > 20% was dedi-
cated as toxic. When tumors reached a size of approximately 20
to 40 mm2, depending on growth of the tumor model, animals
were randomized to treatment and control groups (8–10 mice/
group) and treated p.o. with vehicle (70% PEG 400, 5 %
ethanol, and 25% Solutol), BAY 1161909, BAY 1217389,
and/or paclitaxel, as indicated in Tables and Figure legends.
In combination treatment groups, Mps1 inhibitor and pacli-
taxel were applied at the same day within a time frame of
1 hour. The treatment of each animal was based on individual
body weight. Animals were euthanized according to the
German Animal Welfare Guidelines. Data were expressed as
means � SD. Statistical analysis included one-way ANOVA,
and differences to the control were compared versus control
group by pair-wise comparison procedure using the SigmaStat
software.

In vivo mode of action studies
For analysis of polyploidy and multinuclearity induction

in vivo, A2780cis tumor–bearing female NMRI nude mice (see
above) were treated with paclitaxel (intravenously once with
24 mg/kg), BAY 1161909 (p.o. twice daily for 2 days with 2.5
mg/kg), and in combination with paclitaxel (i.v. once 24 mg/kg)
and BAY1161909 (p.o. twice daily for 2 days 1mg/kg). Treatment
for all groups started at a tumor size of 60 mm2 at day 14 after
tumor cell inoculation. Tumor samples were prepared 4 and 8
hours after first BAY 1161909 application at treatment day 1, as
well as 4, 8, and24hours afterfirst applicationof BAY1161909on
treatment day 2. At each time point, 3 animals per treatment
group were analyzed. Tumors were used for histologic examina-
tion after paraffin embedding and hematoxylin and eosin
staining.

For determination of phosphorylated KNL1 or total KNL1 in
tumor tissue, A2780cis tumor–bearing female NMRI nude mice
(see above) were treated with vehicle, BAY 1217389 alone p.o. for
2 days with 1, 2, 4, or 8 mg/kg (day 1 twice daily, day 2 once),
paclitaxel alone intravenously once 24 mg/kg, and in combina-
tion with paclitaxel (i.v. once 24 mg/kg) and BAY 1217389 (p.o
for 2 days with 1, 2, or 4 mg/kg, day 1 twice daily, day 2 once).
Treatment for all groups started at a tumor size of 60 mm2 at day
15 after tumor cell inoculation. Tumor samples were prepared 36
hours after the first treatment at day 1. Five animals per treatment
group were analyzed. Tumors were used for histologic examina-
tion after paraffin embedding and pKNL1 staining.

Peripheral blood was collected in K-EDTA tubes for the deter-
mination of relative reticulocyte counts (%RET) andmicronuclei-
containing reticulocytes counts (%MN-RET) using theMicroFlow
Plus Kit (mouse blood) from Litron Laboratories and the Flow
Cytometer BDFACSCanto II (BDBiosciences). Sample collection,
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processing, and analysis were performed according to the man-
ufacturer's instructions (version 130712).

Antibodies and IHC
An antibody directed against phosphothreonine 875 in KNL1

protein was produced by immunization of rabbits with a phos-
pho-KNL1 peptide as described previously (9). Sera with highest
phospho-KNL1 specific titer were used for IHC. Paraffin-embed-
ded tumor sections were stained using the rabbit anti-phospho-
threonine 875 KNL1 antibody (1:400) inDAKO antibody diluent
(S3022) and anti-rabbit Envision secondary antibody (DAKO
K4010). Stained slides were scanned using a Mirax Slide Scanner
and evaluated for positive pixels above background in three
independent fields per slide. Total KNL1 peptide was detected
with the primary rabbit anti-human CASC5 antibody (Sigma-
Aldrich HPA026624) in a 1:400 dilution. The development and
quantification of KNL1 staining was performed accordingly to
pKNL1.

Results and Discussion
Kinase inhibition profile and cellular mechanism of action
studies of two novel Mps1 inhibitors

In biochemical assays, BAY 1161909 and BAY 1217389, two
novel Mps1 kinase inhibitors from different structural classes
(Fig. 1), inhibited Mps1 kinase activity, with IC50 values of
0.34 � 0.09 nmol/L and 0.63 � 0.27 nmol/L, respectively.

Both compounds showed high selectivity against other kinases.
When assayed against the Millipore panel (230 kinases), BAY
1161909 inhibited only two kinases, JNK2 and JNK3, more than
50% at a concentration of 1 mmol/L and no other kinase at
100 nmol/L (Supplementary Table S1). BAY 1217389 was
tested against the DiscoveRx kinase panel (395 kinases) and
was found to bind to PDGFRb (<10 nmol/L), Kit (between
10 and 100 nmol/L), CLK1, CLK2, CLK4, JNK1, JNK2, JNK3,
LATS1, MAK, MAPKAP2, MERTK, p38b, PDGFRa, PIP5K1C,
PRKD1, and RPS6KA5 (between 100 and 1,000 nmol/L; Supple-
mentary Table S2). Thus, BAY 1161909 and BAY 1217389 both
showed higher kinase selectivity as compared with previously
described Mps1 inhibitors, such as SP600125 and reversine
(Supplementary Table S3; refs. 7, 30).

In cellular mechanistic assays, BAY 1161909 and BAY 1217389
abrogated nocodazole-induced metaphase arrest in HeLa cells
with IC50 values of 56 � 21 nmol/L and 0.11 � 0.006 nmol/L,
respectively. In addition, the treatment of osteosarcoma cells

U-2 OS with BAY 1161909 led to nuclear enlargement, multi-
lobulation of nuclei, and generation of multinucleated cells,
resulting in strong aneuploidy after several cell cycle turns with
blocked Mps1 activity (Supplementary Fig. S1). Thr-875 within a
MELT repeat of the KNL1 protein has been described as a primary
phosphorylation site of Mps1 kinase (9). BAY 1161909 and BAY
1217389 abolished KNL1 Thr-875 phosphorylation in A2780
cells pretreated with 100 nmol/L paclitaxel within 30 minutes,
indicating rapid inactivation of intracellular Mps1 kinase (IC50,
BAY 1161909 84nmol/L, IC50, BAY 1217389 12nmol/L; data not
shown).

The antiproliferative activity of BAY 1161909 and BAY
1217389 was evaluated against panels of 86 and 68 tumor cell
lines covering various cancer histologies, multidrug-resistant cell
lines, and syngeneic pairs of TP53 wild-type (WT) and TP53
knockout cells (Supplementary Table S4). BAY1161909 inhibited
the proliferation with a median IC50 of 160 nmol/L (range 32 to
>3,000 nmol/L), whereas BAY 1217389 was found to inhibit cell
proliferation with a median IC50 of 6.7 nmol/L (range 3 to >300
nmol/L). Sensitive and rather insensitive cell lines were identified,
and overall, both compounds showed a very similar sensitivity
pattern based on the comparisonof relative IC50s (ratio of cell line
IC50 vs. median IC50; Supplementary Table S4). Attempts to
correlate cell line sensitivity or insensitivity towards Mps1 inhi-
bition with gene mutations (Sanger) did not lead to the identi-
fication of single-genemutationswith statistical significance (data
not shown). Even the comparison of the two pairs of isogenic
TP53WTandTP53 knockoutHCT116 andRKOcell lines revealed
only slightly lower IC50s for the cell lines with a TP53–WT
background, which is in line with our previous findings (28).

Taken together, BAY 1161909 and BAY 1217389 represent two
potent Mps1 inhibitors with high-kinase selectivity, specific cel-
lular on-target activity, and antiproliferative potency. Although
cell lines with high and low sensitivity towards Mps1 inhibition
were identified, no single-gene mutation could be correlated,
indicating that multiple genes may contribute to cellular sensi-
tivity to SAC inhibition or that other local factors at the kineto-
chore, such as the presence of phosphatases (10), may determine
the cellular response to Mps1 inhibition.

In vivo pharmacokinetic parameters
Pharmacokinetic parameters were determined in mouse and

rat. Following intravenous administration of BAY 1161909 as
bolus of 0.5 mg/kg to male CD1 mouse and 0.5 mg/kg to male
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BAY 1161909 BAY 1217389

Figure 1.
Structure of novel Mps1 inhibitors.
Chemical structure of BAY 1161909,
(2R)-2-(4-fluorophenyl)-N-[4-(2-{[2-
methoxy-4-(methylsulfonyl)
phenyl]amino} [1,2,4]triazolo[1,5-
a]pyridin-6-yl)phenyl]propanamide,
and BAY 1217389, N-cyclopropyl-4-{6-
(2,3-difluoro-4-methoxyphenoxy)-8-
[(3,3,3-trifluoropropyl)
amino]imidazo[1,2-b]pyridazin-3-yl}-2-
methylbenzamide.
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Wistar rat, the compound exhibited low blood clearance. The
volume of distribution (Vss) was high in both species and
terminal half-lives were long. After oral administration of 1
mg/kg to female NMRI mouse and 0.5 mg/kg to male Wistar
rat, peak plasma levels were reached after 4 hours. The oral
bioavailability was moderate in mouse and rat (Table 1). BAY
1217389 was administered intravenously as bolus of 1.0 and
0.5 mg/kg to female CD1 mouse and male Wistar rat, respec-
tively. Blood clearance was found to be low in the tested
species. Vss was high and terminal half-lives were long. BAY
1217389 was administered orally to female NMRI mouse (1
mg/kg) and male Wistar rat (0.5 mg/kg). Peak plasma concen-
trations were observed between 1.5 and 7 hours. Oral bioavail-
ability was high in rat and moderate in mouse (Table 1).

Our data demonstrate that we have identified two novel Mps1
kinase inhibitors with a favorable pharmacokinetic profile, sup-
porting further development for clinical application.

In vivo efficacy of Mps1 inhibitors in monotherapy
Therapeutic efficacy and tolerability of theMps1 inhibitors BAY

1161909 or BAY1217389was investigated inmonotherapy using
the A2780cis human cisplatin-resistant ovarian tumor xenograft
model. Athymic mice bearing established A2780cis xenograft
tumors were treated with MTDs of BAY 1161909 or BAY
1217389 in an intermittent 2 days on/5 days off dosing schedule
in comparison with cisplatin. As expected, cisplatin treatment
resulted in weak antitumor efficacy in A2780cis tumors (T/C
0.75). BAY 1161909 showed moderate antitumor efficacy (T/C
0.43; Fig. 2A)but achieved statistically significant improvement of
tumor growth inhibition compared with vehicle control and
cisplatin treatment at overall good tolerability (Fig. 2B). Compa-
rable antitumor efficacy was achieved for BAY 1217389 (T/C of
0.53) at acceptable tolerability (Fig. 2C and D).

Our data demonstrate that monotreatment with Mps1 inhibi-
tors BAY 1161909 or BAY 1217389 can achieve moderate
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Figure 2.
Response of A2780cis human ovarian xenograft tumors to treatment with BAY 1161909 and BAY 1217389 monotherapy. A2780cis human ovarian tumor cells
were implanted subcutaneously into nude mice on day 0. Treatment was started when tumors had reached a size of approximately 30 mm2. BAY 1161909
was administered orally (p.o.) upon 2.5 mg/kg twice daily (2QD) for 2 days on/5 days off (2 on/5 off). Cisplatin was administered intraperitoneally (i.p.) upon
6mg/kg every 2weeks (Q14D). BAY 1217389was administered orally (p.o.) upon 5mg/kg twice daily (2QD) for 2 dayson/5 daysoff. Tumor growthwasmonitoredby
determination of the tumor area using caliper measurement three times weekly. A and C, time course of tumor growth. B and D, time course of animal body
weight change.
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antitumor efficacy at MTDs, as it has been presented for other
Mps1 inhibitors before (2).

Efficacy of Mps1 inhibitors in combination with paclitaxel
As antimitotics/antitubulins lead to mitotic checkpoint activa-

tion, checkpoint overrun by Mps1 kinase inhibition should
impact antitumor activity in a combination treatment setting
(Figs. 3, 4, and 5; Supplementary Tables S5 and S6). On the basis
of our mechanistic in vitro findings supported by shRNA knock-
down experiments in combination with low doses of paclitaxel
showing synergistic effects (31), we tested the ability of our
Mps1 inhibitors to inhibit tumor growth in combination with
paclitaxel.

The response of human triple-negative breast cancer xenograft
tumors (no expression of Her2/neu, progesterone receptor, and
estrogen receptor) to treatment with Mps1 inhibitor in combi-
nation with paclitaxel was tested in tumor models that develop
paclitaxel insensitivity during continued paclitaxel treatment,
the cell line derived model SUM-149, and the patient-derived
tumor model MAXF 1384 (Fig. 3). In the SUM-149 xenograft
model, the effect of combination treatment of BAY 1217389 and
paclitaxel was studied. BAY 1217389 was applied upon dosing

with 30% of MTD in a twice-daily intermittent (2 days on/5 days
off) dosing schedule in combination with paclitaxel upon its
respective MTD. A clear tumor growth delay was observed upon
combination of paclitaxel and BAY 1217389 after 48 treatment
days, achieving statistically significant improvement over pacli-
taxel monotherapy efficacy at acceptable tolerability (Fig. 3A). In
the patient-derived triple-negative breast cancer xenograft model
MAXF 1384, BAY 1161909 was applied upon dosing with 80% of
MTD in a twice-daily intermittent (2 days on/5 days off) dosing
schedule in combinationwith paclitaxel upon its respectiveMTD.
After 42 treatment days, statistically significant improvement over
paclitaxel monotherapy efficacy was achieved in the paclitaxel/
BAY 1161909 combination treatment group, inducing complete
tumor remission (Fig. 3C).

The activity of Mps1 inhibitors in combination with paclitaxel
was further tested in human lung carcinoma (NSCLC) xenograft
models, the cell line–derived model NCI-H1299, which acquires
paclitaxel insensitivity during continued paclitaxel treatment,
and the intrinsically taxane resistant patient-derived model
LU387 (Fig. 4). In the NCI-H1299 NSCLC xenograft model, the
effect of combination treatment of BAY 1217389 and paclitaxel
was tested. BAY 1217389 was applied upon dosing with 60% of
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Figure 3.
Response of human triple-negative breast cancer xenograft tumors to treatment with BAY 1217389 or BAY 1161909 in combination with paclitaxel. SUM-149
human breast cancer cells were implanted subcutaneously into nude mice on day 0. Treatment was started on day 14 when tumors had reached a size of
approximately 26 mm2. MAXF 1384 patient-derived tumor fragments were transplanted subcutaneously into nude mice. Treatment was started when
tumors had reached a size of approximately 40 mm2. BAY 1217389 was administered orally (p.o.) upon 1.5 mg/kg twice daily (2QD) for 2 days on/5 days off
(2 on/5 off) in monotherapy and in combination with paclitaxel. BAY 1161909 was administered orally (p.o.) upon 2 mg/kg twice daily for 2 days on/5 days off in
monotherapy and in combinationwith paclitaxel. Paclitaxel was administered intravenously (i.v.) upon 20mg/kg or 15mg/kg once daily (QD) once per week (1 on/6
off) in monotherapy and combination therapy. Tumor growth was monitored by determination of the tumor area using caliper measurement three times weekly.
A and C, time course of tumor growth. B and D, time course of animal body weight change.
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MTD in the twice-daily intermittent (2 days on/5 days off) dosing
schedule. Paclitaxel was applied upon itsMTD. After 36 treatment
days, statistically significant improvement over paclitaxel mono-
therapy efficacy was achieved by paclitaxel/BAY 1217389 com-
bination (Fig. 4A). BAY1217389was slightly overdosedwith 60%
MTD in combination treatments as transiently critical body
weight loss (>10%) and toxicity occurred (Fig. 4B). The intrinsi-
cally taxane-resistant patient-derived lung carcinoma xenograft
model LU387 was used to study the effect of BAY 1161909/
paclitaxel combination therapy. BAY 1161909 was applied upon
dosing with doses 40% of MTD in the intermittent (2 days on/5
days off) dosing schedule in combinationwith paclitaxel, applied
upon its respective MTD. The combination therapy of paclitaxel
and BAY 1161909 achieved statistically significant reduction of
tumor size compared with vehicle-treated control andmonother-
apy groups, inducing clear tumor growth delay at good tolera-
bility of treatments (Fig. 4C and D).

Taken together, we show here for the first time that the Mps1
inhibitors BAY 1161909 and BAY 1217389 exhibit strong
cooperativity with taxanes in acquired or intrinsically taxane-
resistant tumor models of triple-negative breast cancer and lung

carcinoma. Paclitaxel monotherapy efficacy upon dosing at the
respective MTD could be significantly improved in combina-
tion with sub-MTD doses of Mps1 inhibitors at overall good
tolerability. Therefore, we could validate the hypothesis that
Mps1 inhibitors in combination with antitubulins, such as
taxanes, can enhance their efficacy and potentially overcome
resistance. This opens the opportunity to improve overall
survival of taxane-resistant patients in indications where tax-
anes are used as standard of care, such as breast, lung or ovarian
cancer.

In vivo mode of action of Mps1 inhibitor monotherapy and
combination with paclitaxel

To demonstrate that in vivo efficacy is mediated by the antic-
ipated mode of action of Mps1 inhibition, different in vivo
mechanistic assays were applied.

The induction of cellular polyploidy and multinuclearity
was analyzed in A2780cis ovarian xenograft tissue after treatment
with Mps1 inhibitor in monotherapy or combination with pac-
litaxel at doses that have shown in vivo antitumor efficacy. BAY
1161909 monotreated A2780cis tumors showed induction of a
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Figure 4.
Response of human NSCLC xenograft tumors to treatment with BAY 1217389 or BAY 1161909 in combination with paclitaxel. NCI-H1299 human NSCLC tumor
cells were implanted subcutaneously into nude mice on day 0. Treatment was started on day 8 when tumors had reached a size of approximately 30 mm2.
LU387 patient-derived tumor fragmentswere transplanted subcutaneously into nudemice. Treatmentwas startedwhen tumors had reached a size of approximately
40 mm2. BAY 1217389 was administered orally (p.o.) upon 3 mg/kg twice daily (2QD) for 2 days on/5 days off (2 on/5 off) in monotherapy and in combination
with paclitaxel. BAY 1161909 was administered orally (p.o.) upon 1 mg/kg twice daily for 2 days on/5 days off in monotherapy and in combination with paclitaxel.
Paclitaxel was administered intravenously (i.v.) upon 20 mg/kg once daily (QD) once per week (1 on/6 off) in monotherapy and combination therapy. Tumor
growth was monitored by determination of the tumor area using caliper measurement two to three times weekly. A and C, time course of tumor growth.
B and D, time course of animal body weight change.
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pleomorphic phenotype when compared with vehicle-treated
control tumors, including multinuclearity, whereas paclitaxel
treatment alone induced atypical mitoses, as well as increased
necrosis and apoptosis. Combination treatment with paclitaxel
and BAY 1161909 induced atypical mitoses as well as increased
pleomorphism and multinucleated tumor cells in A2780cis
ovarian tumors, demonstrating the expected mode of action
of Mps1 inhibition (Supplementary Fig. S2). Incorrect distri-
bution of chromosomal material leads in some cell types, e.g.,
erythrocytes or reticulocytes, to the formation of cytoplasmic
bodies of chromosome fragments or whole chromosomes, so
called micronuclei. Therefore, peripheral blood reticulocytes of

Mps1 inhibitor–treated mice were analyzed. A clear increase of
the fraction of micronuclei-harboring reticulocytes 3 days after
BAY 1161909 treatment at doses �1 mg/kg twice daily for 2
days corresponding to �40% monotherapy MTD could be
determined. Total reticulocyte counts dropped at doses �2
mg/kg twice daily for 2 days (�80% monotherapy MTD;
Supplementary Fig. S3). In addition, the effect of Mps1 inhib-
itor alone or in combination with paclitaxel on KNL1 Thr-875
phosphorylation has been determined in A2780cis ovarian
tumor xenografts. Monotherapy of Mps1 inhibitor BAY
1217389 dosed upon 4 mg/kg (80% of efficacious dose in
monotherapy) led to 80% reduction of basal pKNL1; 2 mg/kg

pKNL1 in A2780Cis tumors in nude mice
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Figure 5.
Effect of BAY 1217389 in monotherapy and combination therapy with paclitaxel on phosphorylation of KNL1 in A2780Cis tumors in nude mice. Untreated female
nude mice were implanted with 2 � 106 A2780Cis cells (in 100% Matrigel) subcutaneously. Animals were randomized to treatment groups when tumors
reached a mean tumor area of 52 mm2 (n ¼ 3 per group). Animals were treated with vehicle, BAY 1217389 in monotherapy at the indicated doses for 2 days
(day 1 twice daily and day 2 once p.o.), once with paclitaxel (24 mg/kg once i.v.) on day 1, or once with paclitaxel (24 mg/kg once i.v.) and BAY 1217389 at the
indicated doses (day 1 twice daily and day 2 once p.o.). On day 2, 36 hours after first application, animals were sacrificed und tumors isolated. The amount
(%) of phosphorylated KNL1 (pKNL1) in tumors was determined by immunohistochemical staining (IHC). A and C show quantification of pKNL1 signals in
A2780Cis tumors. B and D show representative pKNL1 tumor sections. The blue bar, 100 mm.
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led to 60% of basal pKNL1 level in A2780Cis tumors (Fig. 5A
and B). Treatment with paclitaxel strongly induced the pKNL1
signal in A2780cis tumor tissue (Fig. 5C and D). Remarkably,
cotreatment with Mps1 inhibitor BAY 1217389 was able to
completely suppress paclitaxel-induced pKNL1 at an efficacious
combination dose of BAY 1217389 (Fig. 5C and D). No
changes of total KNL1 level were detectable (Supplementary
Fig. S4), indicating a specific effect of Mps1 inhibitors on KNL1
phosphorylation.

These results demonstrate that Mps1 inhibitor treatment pre-
vents correct distribution of chromosomal material during cell
division in tumors as well as peripheral blood reticulocytes.
Furthermore, KNL1 phosphorylation might serve as a direct read
out of target engagement in tumors. Overall, our data suggest that
an early pharmacodynamic effect of Mps1 inhibition in mono-
therapy or paclitaxel combination could be determined bymicro-
nuclei induction in peripheral blood reticulocytes or by moni-
toring the phosphorylation status of KNL1.

Conclusion
Antitubulin–based chemotherapy is used as standard of care in

many cancer patients across a variety of tumor types, such as
breast, lung, or ovarian cancers. Resistance to antitubulins is a
common drawback in cancer chemotherapy (32). Alternative
treatment options are often not available, whereby antimito-
tics/antitubulins are still the only treatment option for patients
with aggressive cancer types. Therefore, we have evaluated wheth-
er efficacy of antitubulin reagents (taxanes) can be improved by
combination treatment with Mps1 inhibitors in line with their
mechanisms of action.

Our findings validate the innovative concept of SAC abro-
gation and justify clinical proof-of-concept studies evaluating
Mps1 inhibitors BAY 1161909 and BAY 1217389 in combina-
tion with antimitotic cancer drugs to enhance their efficacy and
potentially overcome resistance. BAY 1161909 and BAY
1217389 are currently in phase I clinical trials (NCT02138812
and NCT02366949). To our knowledge, these are the first
clinical trials of Mps1 kinase inhibitors.
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