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Abstract

Despite substantial recent advances in treatment, multiple myeloma (MM) remains an incurable disease, with a shortage 
of treatment options for patients with high-risk disease, warranting the need for novel therapeutic targets and treatment 
approaches. Threonine and tyrosine kinase (TTK), also known as monopolar spindle 1 (MPS1), is a kinase essential for the 
mitotic spindle checkpoint whose expression correlates to unfavorable prognosis in several cancers. Here, we report the 
importance of TTK in MM, and the effects of the TTK inhibitor OSU-13. Elevated TTK expression correlated with amplifica-
tion/gain of 1q21 and decreased overall and event-free survival in MM. Treatment with OSU-13 inhibited TTK activity effi-
ciently and selectively at a similar concentration range to other TTK inhibitor clinical candidates. OSU-13 reduced prolifer-
ation and viability of primary human MM cells and cell lines, especially those with high 1q21 copy numbers, and triggered 
apoptosis through caspase 3 and 7 activation. In addition, OSU-13 induced DNA damage and severe defects in chromosome 
alignment and segregation, generating aneuploidy. In vivo, OSU-13 decreased tumor growth in mice with NCI-H929 xenografts. 
Collectively, our findings reveal that inhibiting TTK with OSU-13 is a potential therapeutic strategy for MM, particularly for a 
subset of high-risk patients with poor outcome.

Introduction

Multiple myeloma (MM) is a plasma cell disorder that ac-
counts for more than 10% of hematologic cancers.1 Despite 
the recent improvement in overall survival of patients with 
MM due to novel treatment options,2,3 MM is still a mostly 
incurable cancer,4 warranting the need for novel therapeu-
tic targets, especially for patients with high-risk disease. 
The presence of genetic alterations is an important hall-
mark of cancer.5,6 In MM, structural and numerical genetic 
abnormalities are usually associated with disease devel-
opment and progression.7 Aneuploidy is present in about 
70% of MM cases.8 In addition, deletions, duplications, or 
translocations are very common events in MM,9,10 some 
of which - t(4;14)(p16;q32), t(14;16)(q32;q23), and del(17p) 
- are considered poor prognostic indicators.11 Possible 
mechanisms leading to genomic instability in MM include 
elevated homologous recombination activity, which causes 
an increased mutation rate and accumulation of genetic 
variation,12 and centrosome amplification, which is frequent 

in MM and has been associated with high-risk disease and 
poor prognosis.13 
Adequate chromosome segregation is essential for genomic 
stability and relies on a group of proteins known as the spin-
dle assembly checkpoint (SAC).14 The SAC blocks cell cycle 
progression until the chromosomes are correctly attached to 
the spindle microtubules.15 Failure of this process can cause 
uneven chromosomal segregation and aneuploidy, resulting 
in chromosomal instability.16 Manipulation of SAC proteins 
leads to tumor formation in animal models.17,18 Accordingly, 
drugs that interfere with SAC, such as inhibitors of Auro-
ra kinases, Polo-like kinases, CENP-E, and threonine and 
tyrosine kinase (TTK) have been investigated or are being 
tested in clinical trials for several cancers including MM.19-21 
TTK, also known as monopolar spindle 1 (MPS1), participates 
in the regulation of the DNA damage checkpoint response,22 
centrosome duplication,23 and mitosis arrest until proper 
chromosome alignment, playing an essential role in SAC.24 
High levels of TTK expression correlate to unfavorable 
prognosis in several cancers,25-27 and TTK inhibition shows 
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potential utility for the treatment of glioma,28 melanoma,29 
and colon,30 breast,31,32 lung,32 ovarian,29,32 and cervical33 
cancers. Consequently, many clinical trials have tested TTK 
inhibitors - either as monotherapy or combinations - for 
the treatment of solid tumors, especially breast cancer. 
However, to date, there have been no clinical trials with 
TTK inhibitors involving patients with any kind of hemato-
logic malignancies.
In 2017, the TTK/MPS1 inhibitor OSU-13 was identified as 
a potential therapy for breast cancer.31 Here, we provide 
new data establishing the relevance of TTK expression in 
MM prognosis and perform the first comprehensive study 
using a TTK/MPS1 inhibitor as a therapeutic strategy for a 
hematologic malignancy.

Methods

OSU-13 drug
OSU-13 was provided by the Drug Development Institute 
of the Ohio State University and stored at -20°C at 10 mM 
in dimethyl sulfoxide (DMSO). 

Prognostic survival analysis
Overall survival and event-free survival outcome studies 
were performed in 769 patients using the GSE2658 data-
set. The median value of TTK levels was used as a cut-off 
to define patients with low (n=386) or high (n=383) TTK 
expression. Prognostic value of TTK was evaluated by the 
Kaplan-Meier curve, obtained from www.canevolve.org. TTK 
expression analysis in high-risk MM with specific genetic 
alterations (17p del, t(4;14), t(11;14), t(8;14), and 1q21 gain) 
was performed in the MMRF CoMMpass database. 

Viability, apoptosis and necroptosis assays
For viability measurement, cells were plated at 100,000 
cells/mL in medium containing DMSO or 0.5 μM OSU-13 
and incubated for 24, 48, and 72 hours (h) at 37°C and 5% 
CO2. Afterwards, cells were stained with Zombie-aqua (Life 
Technologies; Carlsbad, CA, USA) according to manufactur-
er’s instructions. Cells were then analyzed using an Attune 
Nxt cytometer (Invitrogen; Waltham, MA, USA), and FlowJo 
software (FlowJo LLC; Ashland, OR, USA).
For apoptosis and necroptosis inhibition assays, OPM-2 
cells (250,000 cells/mL) were pre-incubated for 1 h at 
37oC in medium containing 100 μM of the general caspase 
inhibitor Z-VAD-FMK (Sigma-Aldrich; St Louis, MO, USA) or 
the necroptosis inhibitor necrostatin-1s (Cell Signaling Inc.; 
Danvers, MA, USA). Then, cells were washed and incubat-
ed for 72 h in medium containing DMSO or 1 μM OSU-13, 
stained with Zombie-aqua (Life Technologies), and cell 
viability was assessed as previously described.

Fluorescence microscopy of chromosome segregation
OPM-2 cells (1x106) were synchronized at G1/S by double 

thymidine block. Cells were incubated for 16 h in medium 
containing 2 mM thymidine (Sigma-Aldrich), released for 
8 h in fresh medium, and incubated in 2 mM thymidine 
for additional 16 h. Next, cells were washed, and cell 
cycle release was induced with 24 μM 2’-deoxycytidine 
(Sigma-Aldrich) plus DMSO or 1 μM OSU-13 for 9 h. Cells 
were resuspended in 100 μL phosphate-buffered saline 
(PBS), immobilized onto a microscope slide using a Cy-
tospin (Thermo Fisher Scientific; Waltham, MA, USA), 
mounted with Prolong Glass Antifade Mountant with 
NucBlue (Thermo Fisher Scientific), and imaged using 
a Nikon DM5000 B microscope (Tokyo, Japan) equipped 
with fluorescence optics with a Leica X63 oil immersion 
objective (Wetzlar, Germany). Images were analyzed using 
ImageJ (NIH; Bethesda, MD, USA), and the percentage of 
anaphase and telophase cells with and without lagging 
chromosomes was manually calculated.

Statistical considerations
Unless specified otherwise, all data are presented as mean val-
ues ± standard deviation (SD) from independent experiments. 
Student’s t test was used to evaluate differences between 
conditions with P value <0.05 considered to be statistically 
significant. *P<0.05, **P<0.01, ***P<0.001 and ****P<0.0001. The 
correlation between sensitivity to OSU-13 and 1q21 copy num-
ber in the cell lines was analyzed using the non-parametric 
Spearman’s rank correlation coefficient.

Additional methods
Cell lines, primary cell experiments, small interfering RNA 
(siRNA) knockdown, real-time polymerase chain reaction 
(PCR), NanoBRET™, kinase profiling, co-crystallization, cell 
viability and proliferation assays, caspases 3 and 7 activity 
assay, western blotting, TUNEL, cell cycle analysis, meta-
phase chromosome spread, and studies in murine model 
are described in the Online Supplementary Appendix. Exper-
iments involving human subject samples were conducted 
with the approval of The Ohio State University Institutional 
Review Board (IRB 2023C0065).

Results 

TTK expression correlates with multiple myeloma 
prognosis and plays a role in the survival of multiple 
myeloma cell lines
High TTK expression correlates to unfavorable prognosis 
in several cancers.25-28,34 In order to determine the rele-
vance of TTK expression in MM prognosis, we examined the 
GSE2658 dataset and the CoMMpass database, analyzing 
the association of TTK expression with clinical outcome and 
chromosomal alterations in MM patients (n=769). We found 
that elevated TTK expression correlated with decreased 
overall (P=0.0001) and event-free (P<0.0001) survival (Figure 
1A, B). Furthermore, TTK expression was higher in patients 
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with amplification or gain of 1q21, a genetic alteration found 
in high-risk MM (P<0.0001) (Figure 1C). No correlation was 
seen between TTK expression and other high-risk genetic 
alterations, such as deletion of 17p or t(4;14), t(8;14), or 
t(11;14) translocations (Online Supplementary Figure S1). 
We also compared TTK expression levels in eight human 
MM cell lines and primary CD138+ plasma cells isolated from 
bone marrow (BM) of four recently diagnosed, untreated 
MM patients (Figure 1D). MM cell lines exhibited higher TTK 

expression than primary CD138+ cells. MM.1S showed the 
highest expression (16.2-fold higher than CD138+ cells), 
whereas L363 had the lowest expression (3.2-fold increase). 
In order to investigate the role of TTK in MM cell lines, we 
specifically knocked down TTK expression in OPM-2 and 
NCI-H929 using Alexa Fluor 647-conjugated non-targeting 
scrambled or TTK-specific siRNA (Online Supplementary 
Figure S2). Streptolysin was used to facilitate siRNA up-
take, and cell viability was evaluated using Zombie Aqua 

C
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D

Figure 1 TTK expression correlates with multiple myeloma prognosis and varies in human multiple myeloma cell lines. (A) Over-
all and (B) event-free survival outcome studies from GSE2658 dataset. Median value of TTK levels were used as a cut-off to 
define “low TTK” and “high TTK” patients. Kaplan Meier curves were obtained from www.canevolve.org; ***P<0.001; ****P<0.0001. 
(C) Analysis from MMRF CoMMpass database of the TTK expression in multiple myeloma (MM) patients with (N=99) or without 
+1q21 (N=171); ****P<0.0001. (D) TTK expression in human MM cell lines. Values were normalized to the average of TTK expression 
in CD138+ cells from four patients with MM. FPKM: fragments per kilobase per million.
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staining. Knock-down of TTK was confirmed by quantitative 
PCR (data not shown). Our results exhibited a significant 
decrease in viability in TTK-siRNA+ cells compared to cells 
transfected with non-targeting scrambled siRNA in both cell 
lines, with a more pronounced effect in NCI-H929. Follow-
ing treatment with 20 units (U) of streptolysin, 51±5.8% of 
TTK-siRNA+ NCI-H929 cells were dead (Zombie+), in con-
trast to only 16±6.2% of scrambled siRNA+ cells (P<0.001). 
These findings highlight the critical role of TTK in MM cell 
survival and suggest that targeting TTK could serve as a 
potential therapeutic strategy for MM.

OSU-13 efficiently and selectively inhibits TTK 
In order to analyze the interaction between TTK and its 
novel small molecule inhibitor OSU-13, their co-crystal 

structure was obtained at a 2.37 Å resolution (Figure 2A). 
We determined that OSU-13 binds to the ATP-binding pock-
et, forming multiple interactions with the protein kinase 
hinge region, P-loop, and A-loop. OSU-13 inserts between 
Val539, Ala551 and Ile531 on one side and Leu654, Ile663 
and Ile586 on the other, as well as the gatekeeper residue 
Met602 thiol deep in the pocket. The pyrrolopyrimidine bi-
cyclic scaffold donates a H-bond to the Glu603 main chain 
carbonyl oxygen and accepts a H-bond from the Gly605 
amide nitrogen. Additionally, OSU-13 forms a H-bond with 
the Gly605 main chain carbonyl oxygen and establishes van 
der Waals contacts with the ribose-binding pocket and the 
solvent-exposed channel. 
OSU-13’s activity was initially measured by a TTK target 
engagement assay (NanoBRET™). We compared its relative 

A
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D

Figure 2 OSU-13 interacts with TTK via hydrogen bonds and inhibits it in low doses and different ATP concentrations. (A) Co-crys-
tal structure of the small molecule inhibitor OSU-13 interacting with TTK. The hydrogen bonds that anchor the adenine binding 
pocket of OSU-13 to the TTK ATP-binding region are represented by yellow dotted lines. Resolution =2.37 Å, R cryst =20.2, R free 
=23.3. (B) TTK target engagement assay (NanoBRET™) in HEK293 cells. Relative levels of OSU-13-mediated inhibition of TTK-Na-
noLuc binding to a fluorescent tracer was measured in comparison to other TTK inhibitors and the half maximal effective con-
centration (EC50) (nM) was calculated. Graph represents the mean of 2 independent experiments ± standard deviation. (C, D) 
ADP-Glo kinase assay comparing OSU-13 and BOS-172722 activities at physiologic (1 mM) and low (10 µM) ATP concentrations 
against the human and mouse TTK enzymes. Inhibition reaction was performed at room temperature for 30 minutes. The graphs 
show the mean of 2 independent experiments ± standard deviation.
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inhibition of TTK-NanoLuc binding to a fluorescent tracer 
with other reported TTK inhibitors. OSU-13 showed inhibition 
within the same concentration range as other compounds, 
with a half maximal effective concentration (EC50) =10 nM, 
nearly 10-fold lower than the clinical candidate CFI-402257 
(EC50=94.3 nM) (Figure 2B). We also verified that OSU-13 
inhibits both mouse and human TTK at physiologic (1 mM) 
and low (10 µM) ATP concentrations, demonstrating activity 
comparable to the clinical candidate BOS-172722 (Figure 
2C, D). Additionally, OSU-13 showed high stability, with a 
half-life exceeding 90 minutes in human hepatocyte sta-
bility assays.
In order to evaluate its selectivity, OSU-13 was profiled 
against a panel of human kinases in a cell-free kinase activ-
ity inhibition assay (Online Supplementary Table S1). Among 
the 399 kinases tested, only seven showed >80% inhibition 
when incubated with 1 μM OSU-13. Of these, only LRRK2 
exhibited a half maximal inhibitory concentration (IC50) in 
a similar concentration range to TTK/MPS1 (7.5 nM vs. 4.3 
nM), whereas the other kinases (ALK, IR, LTK, INSRR, and 
FAK) had IC50 values at least 36-fold higher than TTK/MPS1 
(Table 1). Importantly, OSU-13 did not significantly inhibit 
other mitosis-related kinases, such as Aurora kinase, PLK, 
or Cyclin-dependent kinase family members. 
Overall, these results indicate that OSU-13 is a biologically 
stable molecule that selectively and efficiently inhibits TTK 
kinase activity, comparable to other TTK/MPS1 inhibitor 
clinical candidates.

OSU-13 selectively decreases proliferation and viability 
of multiple myeloma cells
We investigated the effects of OSU-13 on primary cells 
derived from the bone marrow of a MM patient and the 
peripheral blood mononuclear cells (PBMC) of a plasma 
cell leukemia (PCL) patient. Compared to DMSO, OSU-13 
treatment for 72 h reduced viable CD138+ plasma cells from 
MM and PCL patients by 44% and 18%, respectively (Fig-
ure 3A). Only a small effect was observed in viable B cells 
(reduced by 37% in MM and 6% in PCL) and natural killer 
(NK) cells (reduced by 11% in MM and 1% in PCL). No signif-
icant effect was observed in other lymphocyte populations 
(Online Supplementary Figure S3A). Similarly, PBMC from 
three healthy donors showed only a 22% decrease in viable 
B cells in one of the three donors after OSU-13 treatment 
(Online Supplementary Figure S3B). These findings suggest 
that OSU-13 displays relative selectivity for plasma cells, 
with mild effects on B-cell lineage lymphocytes and no 
substantial adverse effects on other PBMC populations.
In order to study OSU-13’s effects on human MM cell lines, 
we evaluated proliferation and viability. Cells were treated 
with various concentrations of OSU-13 or DMSO, and cell 
division was monitored using a dye dilution experiment 
(Figure 3B). OSU-13 decreased proliferation of OPM-2 and 
NCI-H929 cell lines in a dose-dependent manner. At 5 µM 
OSU-13, proliferation decreased to 54±10% and 49±4% 

compared to DMSO control in OPM-2 and NCI-H929, re-
spectively (P<0.01). RPMI-8226 and U266 showed a less 
pronounced effect on proliferation (data not shown).
The cytotoxic potential of OSU-13 was evaluated via MTS 
assay in nine human MM cell lines with different 1q21 
copy numbers (Table 2). L363 was the most sensitive 
(IC50=132±1 nM) cell line, whereas RPMI-8226 was the least 
sensitive (IC50=10,448±1,184 nM) to OSU-13. Further anal-
ysis revealed a significant inverse correlation (rs=-0.76; 
P=0.017) between the number of 1q21 copies and the in 
vitro IC50 of OSU-13. MM cell lines with a higher number 
of 1q21 copies exhibited increased sensitivity to OSU-13. 
This finding suggests that OSU-13, through TTK inhibition, 
is particularly effective in a subgroup of high-risk MM 
patients with a poor prognosis.
Next, we assessed viability of NCI-H929 and OPM-2 cells 
using Zombie staining (Figure 3C). DMSO-treated cells 

Table 1. OSU-13 inhibitor IC50 against select kinases.*

Kinase OSU-13 IC50 (nM)

TTK/MPS1 4.3

LRRK2 7.5

ALK 156.0

IR 262.0

TYK1/LTK 313.0

INSRR 424.0

FAK/PTK2 1009.0

*OSU-13 half maximal inhibitory concentration (IC50) was calculated 
against the kinases previously inhibited ≥80% at 1 µM OSU-13 during 
the profiling test (Online Supplementary Table S1). Values represent 
the average of 2 independent experiments.

Table 2. Cytotoxic effect of OSU-13 against human multiple 
myeloma cell lines with different 1q21 copy numbers.*

Cell line OSU-13 IC50 (nM) 1q21 copy number

EJM 5,870±1,125 3
U266 7,636±791 3
MM.1S 1,106±188 3
RPMI-8226 10,448±1184 4
NCI-H929 867±52 4
JJN3 1,051±127 4
L363 132±1 5
OPM-2 643±109 7
KMS11 309±18 8

*OSU-13 half maximal inhibitory concentration (IC50) values for each 
cell line represent the mean ± standard deviation from 3 independent 
MTS assay experiments. Each experiment was performed in triplicate 
or quadruplicate, and the mean of the replicates was used to generate 
the curve and calculate the IC50. The 1q21 copy numbers were previ-
ously determined by fluorescense in situ hybridization.51
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showed an increase in viable cell numbers over time, 
while OSU-13-treated cells remained constant. After 72 h, 
the quantity of viable DMSO-treated cells was 5-fold and 
3.6-fold higher (P<0.05) than OSU-13-treated cells in OPM-2 
and NCI-H929, respectively (Figure 3C, left). The percentage 
of dead cells (Zombie+) peaked after 72 h, reaching 35±4.5% 
of OPM-2 (P<0.01) and 21±6.3% of NCI-H929 cells (P<0.05). 
Meanwhile, DMSO-treated cells did not show increase in 
Zombie+ cells over time (Figure 3C, right). Moreover, some 

dead cells turned into debris, resulting in a smaller Zombie+ 
population than expected. 

OSU-13 induces apoptosis in human multiple myeloma 
cell lines through caspase activation
In order to investigate whether OSU-13-induced cell death 
was apoptotic, caspase 3 and 7 activity was assessed in 
NCI-H929 cells at different time points after treatment 
with varying concentrations of OSU-13. Caspase 3 and 7 

Continued on following page.
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activation started at 24 h with 0.1 µM (P<0.05) and peaked 
after 72 h with 0.5 µM OSU-13 (P<0.0001) (Figure 3D). Ac-
cordingly, western blot analysis of cell lysates showed in-
creased levels of cleaved caspases 3 and 7 in OPM-2 and 
NCI-H929 cells after 72 h of OSU-13 treatment (Figure 3E), 
and pretreatment with the pan-caspase inhibitor Z-VAD-
FMK decreased OSU-13-mediated cell death by 20±6.7% 
in OPM-2 cells (Figure 3F). In contrast, pretreatment with 
the necroptosis inhibitor Necrostatin-1s had no measura-
ble effect on cell death, and there was no increase in the 
autophagy marker LC3B following OSU-13 treatment (Online 

Supplementary Figure S4A, B, respectively). 
Collectively, these results indicate that OSU-13 triggers cell 
death in MM cell lines through caspase activation, and that 
apoptosis - but not necroptosis or autophagy - is partially 
responsible for this OSU-13-mediated cell death. 

OSU-13 induces DNA damage in multiple myeloma cell 
lines
Apoptosis has been reported to induce DNA fragmentation. 
In order to measure internucleosomal DNA degradation, we 
treated OPM-2 and NCI-H929 cells with various concen-

Figure 3. OSU-13 decreases viability, induces apoptosis, and causes DNA damage in human multiple myeloma cells. (A) Primary 
cells derived from the bone marrow of a multiple myeloma (MM) patient and the peripheral blood mononuclear cells of a plasma 
cell leukemia (PCL) patient were cultured in vitro at 37oC in dimethyl sulfoxide (DMSO) ±0.5 μM of OSU-13 for 24, 48, and 72 hours 
(h). The graph shows the comparative viability of CD138+ plasma cells (Zombie-) treated with OSU-13 relative to DMSO. (B) Relative 
proliferation of OPM-2 (left) and NCI-H929 (right) MM cell lines after incubation with 0, 0.1, 0.65, 1.25, 2.5, and 5 µM of OSU-13 for 
72 h. The average of DMSO control data (concentration 0) was set to 100%. Proliferation was calculated using Cell Trace Far Red. 
Data shown are the mean of 3 independent experiments ± standard deviation (SD); *P<0.05; **P<0.01 in relation to DMSO. (C) OPM-
2 (left) and NCI-H929 (right) cells were incubated in DMSO or 0.5 µM OSU-13 for 24, 48, and 72 h, and assessed for viability through 
Zombie staining. Viable cell counts (Zombie-; left panel) and percentage of dead cells (Zombie+; right panel) were analyzed by 
flow cytometry. Data represent the mean of 3 independent experiments ± SD; *P<0.05; **P<0.01. (D) Activity of caspases 3 and 7 
in NCI-H929 after 24, 48, and 72 h treatment with 0, 0.1, and 0.5 µM OSU-13 assessed by ApoTox-Glo™Triplex assay. Data represent 
the mean ± SD (N=3); *P<0.05; **P<0.01; ****P<0.0001. (E) Western blot analysis of caspase 3, cleaved caspase 3, caspase 7, and 
cleaved caspase 7 in lysates from OPM-2 (left) and NCI-H929 (right) cells incubated in DMSO or 0.5 µM OSU-13 for 72 h. α-tubu-
lin was used as loading control. Images depict a representative experiment from 3 independent biological replicates. (F) Effect 
of Z-VAD-FMK in OSU-13-induced apoptosis. OPM-2 cells were pre-incubated for 1 h with 100 μM Z-VAD-FMK or DMSO, washed 
with phosphate-buffered saline, and incubated for 72 h in 1 μM OSU-13. Cell viability was assessed with Zombie-aqua dye stain-
ing by flow cytometry. Data represent the mean of 3 independent experiments ± SD; *P<0.05. (G) TUNEL staining analysis of OPM-
2 and NCI-H929 cells treated with DMSO or OSU-13 (2.5, 5, and 10 μM) for 48 h. Representative fluorescence microscopy images 
from a spinning-disk confocal system (UltraVIEW) on a Nikon Ti-E microscope show TUNEL+ staining indicating DNA damage in 
OPM-2 cells. Scale bars, 20 μm. (H) TUNEL images were manually quantified in ImageJ and TUNEL positivity rate (%) was calcu-
lated. Results are representative of 2 independent experiments for each cell line; *P<0.05. (I) Western blot analysis of cleaved 
PARP1 and p-H2AX in lysates from OPM-2 and NCI-H929 cells incubated in DMSO or 0.5 μM OSU-13 for 72 h. GAPDH was used as 
loading control. Images depict a representative experiment from 4 independent experiments. RLU: relative luminescence unit.
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Figure 4. OSU-13 causes cell cycle and chromosome segregation abnormalities in OPM-2 cells. (A) DNA content analysis of OPM-
2 cells treated with dimethyl sulfoxide (DMSO) (red) or 1 μM OSU-13 (blue) for 72 hours (h). After treatment, DNA was stained with 
the intercalating agent propidium iodide (PI) and analyzed by flow cytometry. 2N and 4N populations are indicated. Data are rep-
resentative of 4 independent experiments. (B) Graphical representation of the cell cycle analysis from data depicted in panel (A). 
Analysis was performed by the Cell Cycle tool in FlowJo_V10 software using the Watson model. Results are mean ± standard 
deviation of 4 independent experimental replicates; *P<0.05. (C, D) Chromosome spread analysis of OPM-2 cells treated with 

Continued on following page.
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trations of OSU-13 for 48 h and performed TUNEL analysis. 
DNA damage increased in a dose-dependent manner in both 
cell lines, as indicated by the correlation between OSU-13 
concentration and percentage of TUNEL+ cells (Figure 3G, 
H). In OPM-2 cells, TUNEL positivity rates were 22±5.4%, 
25±3.6% (P<0.05), and 43±3.1% (P<0.05) with 2.5 µM, 5 
µM, and 10 µM OSU-13 treatment, respectively, compared 
to DMSO control (TUNEL+ =7±0.4%). In NCI-H929, TUNEL 
positivity increased with 2.5 µM OSU-13 treatment (P<0.05) 
(Figure 3H). Western blot analysis confirmed the presence 
of DNA damage, showing increased levels of p-H2AX and 
cleaved PARP1 after 72 hours of OSU-13 treatment (Figure 3I). 

OSU-13 interferes in the cell cycle and ploidy of multiple 
myeloma cell lines 
TTK/MPS1 inhibitors affect the cell cycle in a variety of can-
cer cells.30,33,35 In our study, treatment with OSU-13 induced 
significant alterations in DNA content in OPM-2 cells, with 
an increase in tetraploid (4N) and hyperploid (>4N) cells 
(Figure 4A). Accordingly, flow cytometric analysis revealed 
a substantial increase in the proportion of OPM-2 cells in 
the G2 phase (4N) after OSU-13 treatment, with a 1.9-fold 
increase compared to DMSO-treated cells (P<0.05). Addi-
tionally, there was a higher proportion of cells in the >G2 
phase (>4N), although this difference was not statistically 
significant (Figure 4B). 
This increase in the hyperploid population was confirmed 
by fluorescence microscopy of OPM-2 chromosome spreads 
(Figure 4C, D). There was a higher quantity of chromosomes 
(Figure 4C), with a significant increase in cells with more 
than 91 chromosomes (13.2±2.9% in OSU-13 vs. 0.9±0.5% 
in DMSO; P<0.01). In addition, cells with 81-90 chromo-
somes also increased (9.7±0.8% in OSU-13 vs. 4.4±2.7% in 
DMSO; P<0.05) (Figure 4D). Similar effects were observed 
in NCI-H929 cells (Online Supplementary Figure S5A-C).
Chromosome segregation was analyzed by microscopy to 
understand the mechanism behind this increase in the hyper-
ploid population. OPM-2 cells treated with OSU-13 exhibited 
severe defects in chromosome alignment and segregation 
(Figure 4E), with 86.6±7.7% of the cells (P<0.01) presenting 
lagging chromosomes during anaphase (Figure 4F). 

OSU-13 has in vivo effect against multiple myeloma in 
mice
The therapeutic potential of OSU-13 was evaluated in an 
NCI-H929 subcutaneous MM xenograft model in immuno-

deficient CB.17 SCID mice (Figure 5). Mice were treated daily 
per oral gavage starting 14 days after tumor implantation 
(day -14). Vehicle control or 10 mg/kg dose of OSU-13 were 
administered for 21 days, with a dosing holiday on days 
14-17 due to unexpected weight loss in the OSU-13-treat-
ed group (Figure 5A). Treatment with OSU-13 produced a 
significant delay in tumor growth (Figure 5B). On average, 
vehicle-treated mice reached the endpoint tumor volume 
(≥2,000 mm3) by day 18, whereas OSU-13-treated mice 
only achieved this size on day 25. At day 18, 50% of vehi-
cle-treated mice reached the threshold, compared to only 
10% of OSU-13-treated mice (P<0.05). In addition, the av-
erage tumor volume in the OSU-13-treated group was half 
of the vehicle-treated group (1,084 mm3 vs. 1,980 mm3). 
Treatment ended on day 21, justifying the increased tumor 
growth after this date. Altogether, treatment with OSU-13 
resulted in a 22% tumor growth delay (P<0.05) and showed 
superior efficacy compared to the clinical candidate CFI-
402257 in a parallel experiment (data not shown). 
In another MM xenograft model using NOD SCID mice (Fig-
ure 5C), OSU-13 treatment also led to a significant delay 
in tumor growth. By the end of the treatment period (day 
14), the average tumor volume in the OSU-13-treated group 
was 453 mm3, significantly lower than the control group 
(681 mm3; P<0.05) (Figure 5D). In addition, western blot 
analysis of tumor lysates showed increased expression of 
the apoptosis markers cleaved-caspase 3 and p-H2AX in 
the OSU-13-treated group (Figure 5E, F). These findings 
demonstrate that OSU-13 effectively reduces MM tumor 
burden and induces apoptosis in MM cells in vivo.

Discussion

TTK/Mps1 plays an essential role in SAC,24 and high levels 
of TTK expression correlate to unfavorable prognosis in 
several cancers.25-28,34 Accordingly, TTK inhibition has been 
explored in solid tumors as a therapeutic strategy to halt 
cell cycle arrest and induce genomic instability.28,30-33 How-
ever, the impact of TTK expression and TTK/MPS1 inhibition 
in hematologic cancers remains poorly understood.36,37 

Here, we show that elevated TTK expression correlates with 
reduced overall and event-free survival along with ampli-
fication or gain of 1q21, found in high-risk MM. Indeed, TTK 
expression is significantly increased in high-risk compared 
to low-risk MM,36 and TTK is included in the MM Kinome 

DMSO or 1 μM OSU-13 for 24 h. Slides were mounted in Prolong Glass Antifade Mountant with NucBlue to stain the chromosomes 
and imaged in a Nikon DM5000 B microscope. (C) representative fluorescence microscopy images depict metaphase spreads. 
Scale bars, 10 μm. (D) graph shows distribution of the cell population according to the number of chromosomes, manually quan-
tified in ImageJ. Results are representative of 3 independent experiments; *P<0.05; **P<0.01. (E, F) Analysis of chromosome seg-
regation during metaphase/anaphase. OPM-2 cells were synchronized by double thymidine block, released, and treated (1 μM 
OSU-13 or DMSO) for 9 h. Samples were mounted with NucBlue to stain the chromosomes. (E) representative fluorescence im-
ages from cells during chromosome alignment and segregation. Scale bars, 10 μm. (F) graph shows the mean percentage of cells 
with lagging chromosomes ± standard deviation from 2 independent experiments; **P<0.01.
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Figure 5 OSU-13 shows therapeutic potential in mouse model. (A, B) Human multiple myeloma (MM) NCI-H929 cells were sub-
cutaneously inoculated in immunodeficient CB.17 SCID mice. Fourteen days post-implantation, mice were treated orally daily with 
the vehicle control or 10 mg/kg of OSU-13 for 21 days, with a dosing holiday from days 14-17 due to weight loss. (B) Graphical 
representation of the mean ± standard error the mean tumor volume of the vehicle- (blue) and OSU-13-treated (red) groups over 
time (N=10 mice per group). The black dashed line indicates the 2,000 mm3 tumor volume threshold, the blue dashed line high-
lights the 18th day of experiment, and the red dashed line stresses the day when treatment was stopped; *P<0.05. The number of 
animals remaining in the study (tumor volume <2,000 mm3) are indicated for the vehicle- (blue) and OSU-13-treated (red) groups. 
(C) NCI-H929 cells were subcutaneously injected into immunodeficient NOD SCID mice. Thirteen days after implantation, the 
mice were subjected to daily oral treatment with either the vehicle control or OSU-13 (10 mg/kg on days 1-7 and 5 mg/kg on days 
8-14). After 24 hours of treatment, the mice were euthanized, and the tumors were collected for further analysis. (D) Graphical 
representation of the mean ± standard error the mean tumor volume of the vehicle- (blue) and OSU-13-treated (red) groups over 
time (N=5 mice per group); *P<0.05. (E) Western blot analysis of tumor lysates from the experiment described in (C). Expression 
of cleaved caspase 3, cleaved PARP1 and p-H2AX are shown with GAPDH as a loading control. Individual results from each mouse 
are shown in the images. (F) Quantification of the western blot analysis depicted in panel (E). Results are mean ± standard de-
viation; *P<0.05; **P<0.01.
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Index, a gene expression profile risk score that predicts 
poor prognosis in MM.36

We report the first comprehensive analysis of a TTK/MPS1 
inhibitor, OSU-13, in MM. Co-crystal structures reveal its 
binding to the ATP-binding pocket of TTK similarly to other 
TTK/MPS1 inhibitors,33,38 suggesting a conserved mechanism 
of inhibition. OSU-13 is stable and selectively inhibits TTK, 
showing comparable activity to the TTK/MPS1 inhibitor 
clinical candidates CFI-402257 and BOS-172722, which 
reinforces its clinical potential.
OSU-13 exhibited similar effects in MM as previously ob-
served in breast cancer31 or with other TTK inhibitors in 
several cancers.29,30,32,33 
First, OSU-13 showed cytotoxicity and anti-proliferative 
activity across MM cell lines. Sensitivity to OSU-13 varied 
among cell lines and correlated with 1q21 copy number. 
Nonetheless, sensitivity to TTK/MPS1 inhibitors seems to 
be multifactorial as observed in other cancer types,29,35 and 
identifying additional predictive biomarkers would further 
define patients who might benefit from TTK/MPS1 inhibi-
tor-based therapies, expanding the potential applications 
of these treatments.
Second, OSU-13 induced apoptosis in MM cells, evidenced 
by caspase 3 and 7 activation and DNA damage, indicated 
by PARP1 cleavage, phosphorylation of H2AX, and TUNEL 
assay. However, partial rescue by the caspase inhibitor 
Z-VAD-FMK suggested involvement of caspase-independ-
ent mechanisms in OSU-13-induced cell death. Unlike 
the TTK/MPS1 inhibitor reversine that triggers autophagy 
by increasing LC3-B and Beclin 1 via the AKT pathway in 
cholangiocarcinoma cells,39 it seems that OSU-13 does not 
induce autophagy or necroptosis in MM cell lines.
Third, OSU-13 triggered abnormal mitosis, leading to chro-
mosome missegregation, aneuploidy, and elevated chromo-
some numbers. Comparable effects have been reported in 
hematologic cancers with the TTK/MPS1 inhibitor AZ3146, 
inducing chromosome instability and DNA damage in MM36 
and acute myeloid leukemia.37 
Lastly, OSU-13 achieved significant tumor growth delay 
in NCI-H929 xenografts in two immunodeficient mouse 
models, despite a 3-day treatment interruption and a dose 
reduction due to weight loss. In a breast cancer mouse 
model, OSU-13 previously reduced tumor growth without 
affecting body weight.31 However, the aforementioned study 
used athymic nude mice, potentially less sensitive to OSU-
13 than the CB.17 SCID and NOD SCID mice we used. 
OSU-13 showed modest efficacy in our experiment as a single 
agent. Combination strategies for TTK/MPS1 inhibitors have 
been explored in various cancer models. Combination with 
the anti-programmed cell death 1 (PD-1) antibody was more 
effective than monotherapy in a colon cancer model.35 TTK 
inhibition also sensitized cells to paclitaxel treatment in co-
lon,33 breast, and lung cancers.32 Accordingly, clinical trials with 
CFI-402257 are currently investigating combination therapies 
with paclitaxel and fulvestrant for breast cancer treatment. 

Standard-of-care therapies for MM involve combinations 
of different agents to enhance response and prevent re-
sistance. However, the combination strategies used for 
TTK inhibitors in solid tumors are unlikely to succeed in 
MM. Clinical trials with PD-1/PD-L1 inhibitors have shown 
limited results in MM - probably due to the immunosup-
pressive environment in MM - and have been halted due 
to severe adverse effects.40 Similarly, studies with the al-
bumin-bound formulation Nab-paclitaxel41 did not achieve 
sustained responses in MM.42 
In acute myeloid leukemia, the TTK inhibitor AZ3146 induced 
robust upregulation of the interferon gene,37 which has 
both direct anti-cancer effects43,44 and immune-activation 
potential.45-47 It would be interesting to investigate wheth-
er TTK inhibition triggers similar immunological effects in 
MM, potentially enhancing the effect of immunomodula-
tory drugs. In addition, MM cells may be sensitized to TTK 
inhibition by DNA-damaging agents such as proteasome 
inhibitors, alkylating agents, or experimental drugs that 
induce DNA double-strand breaks.48-50 Indeed, our initial 
findings suggest synergistic effects of OSU-13 with mel-
phalan, a DNA-damaging agent. Identifying optimal combi-
nation strategies for OSU-13 will provide maximum efficacy 
and tolerability in MM treatment, providing new treatment 
options for relapsed/refractory MM patients. 
In summary, our findings emphasize the importance of 
TTK in MM prognosis and show that OSU-13-mediated TTK 
inhibition induces cell death in MM cell lines and reduces 
tumor growth in vivo. We propose that inhibition of TTK 
using OSU-13 is an effective approach for treating multiple 
myeloma, particularly in a significant subgroup of high-
risk patients with poor prognosis. Importantly, this is the 
first time that TTK inhibition has been comprehensively 
explored as a potential therapeutic strategy for a hema-
tologic malignancy.
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