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A novel role for TTK in homologous recombination: implications for breast cancer
radiosensitivity
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ABSTRACT
Basal-like breast cancers have the highest rates of locoregional recurrence after radiation. By correlating
gene expression with early locoregional recurrence, we nominate TTK protein kinase as a mediator of
radioresistance. TTK inhibition radiosensitizes in vitro and in vivo through a novel mechanism of
impaired homologous recombination and represents a promising translational strategy.
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Outcomes for breast cancer patients have improved signifi-
cantly over the past several decades; however, basal-like breast
cancers, have significantly worse outcomes than other breast
cancer subtypes.1 While targeted therapies are available for
estrogen receptor-positive (ER+) and human epidermal
growth factor receptor 2-positive (Her2+) breast cancers,
few effective therapies are available for patients with basal-
like breast cancer. Radiation therapy (RT) remains a mainstay
of current clinical management of breast cancer but is least
effective in women with basal-like breast cancer, though the
molecular drivers of this radioresistance are currently
unknown.2,3 Given the fundamental lack of knowledge
regarding the mediators of radiation resistance and
a furthered lack of targeted agents for basal-like and triple-
negative breast cancer (TNBC), it is clear that the develop-
ment of additional targets for radiosensitization represents
a critical unmet clinical need.

To address this gap in understanding and in an effort to identify
mediators of locoregional recurrence in breast cancer patients, we
hypothesized that the mediators of radiation resistance were
intrinsic to the tumors themselves. To that end, we correlated
primary tumor gene expression with early local recurrence
(<3 years) across four independent clinical breast cancer datasets
in which women received adjuvant radiation therapy as part of
their care.4 Although numerous genes were associated with early
local recurrence in each individual dataset, only 10 genes were
significantly correlated with local recurrence across all four data-
sets. The top nominated gene by differential expression, TTK
protein kinase (TTK) (also known as Monopolar spindle 1
[MPS1]), is significantly elevated in breast cancer compared to
normal tissue. In addition, TTK expression is significantly higher
in basal-like breast cancer compared to other subtypes in both The
Cancer Genome Atlas (TCGA) and Molecular Taxonomy of
Breast Cancer International Consortium (METABRIC) datasets.

Canonically, TTK is an essential cell cycle-regulating kinase at
the apex of the spindle assembly checkpoint (SAC) complex.5

This checkpoint, between metaphase and anaphase of mitosis, is
responsible for the accurate alignment of chromosomes during
metaphase.6 To initiate the checkpoint, TTK phosphorylates
kinetochore scaffold 1 (KNL1) leading to the recruitment of
additional SAC proteins and delaying the transition to
anaphase.7 Inhibition of TTK has been shown to increasemitotic
errors including mitotic missegregation, anaphase bridges, and
aneuploidy across multiple cancer models, including TNBC.8,9

Using both genetic (shRNA/siRNA) and pharmacologic (clin-
ical grade ATP-competitive inhibitor of TTK) inhibition of TTK,
we show significant radiosensitization inmultiple basal-like breast
cancer cell lines. Reintroduction of wild-type TTK, after knock-
down of endogenous TTK, rescued radioresistance; however, the
reintroduction of kinase-dead mutant TTK was unable to confer
this radioresistance, indicating inhibition of TTK’s kinase function
renders basal-like breast cancer cell lines more sensitive to RT.

Combination treatment of TTK inhibition (both genetic and
pharmacologic) andRT led to persistent unresolved double-strand
DNA (dsDNA) breaks over time, as measured by γH2AX foci, in
multiple basal-like breast cancer cell lines, indicating radiosensiti-
zation was mediated, at least in part, through impaired dsDNA
break repair. Using a specific homologous recombination (HR)
reporter system, we show TTK inhibition significantly decreases
HR efficiency. Furthermore, TTK knockdown in combination
with RT significantly disrupts RAD51 recombinase (RAD51) foci
formation, a marker for active HR.10 Reintroduction of wild-type
TTK after endogenous TTK knockdown rescues HR repair effi-
ciency aswell as RAD51foci formation, while the reintroduction of
kinase-dead mutant TTK did not rescue this HR repair efficiency.
TTK inhibition had no effect on the other major dsDNA break
repair pathway, non-homologous end joining (NHEJ). Together,
our results demonstrate that TTK inhibition leads to increased
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unresolved dsDNA breaks over time that is due, at least in part, to
reduced the efficiency of the HR repair pathway. This is one of the
first studies to demonstrate a cell-cycle and SAC-independent role
for TTK and a novel role in HR repair efficiency.

In vivo, we show TTK knockdown in combination with RT
significantly delays tumor growth and increases time to tumor
tripling compared to either TTK inhibition or RT alone. TTK
inhibition, using a clinical grade inhibitor, in combination
with RT, synergistically delayed tumor growth compared to
either TTK inhibition or RT alone. Finally, TTK inhibition in
combination with RT synergistically decreased tumor growth
in an orthotopic patient-derived xenograft (PDX) model com-
pared to either drug or RT alone. In general, TTK inhibition
was well tolerated in mice as evidence by their lack of dis-
cernable difference in appearance, activity, or weight.

Taken together, our results suggest a clinically feasible
strategy to radiosensitize basal-like breast cancer by inhibiting
TTK function during radiation treatment. While we show
TTK inhibition reduces HR efficiency, previous groups have
established that inhibition of TTK increases mitotic instability
and chromosomal abnormalities. This suggests that inhibition
of TTK likely leads to radiosensitization through multiple
mechanisms, potentially increasing the efficacy of treatment.
Our results add to previous literature showing TTK inhibition
may be a feasible clinical strategy for patients and suggest
improved tolerability of this approach as TTK inhibition-
mediated radiosensitization occurs at very low concentrations
of the drug, far below levels that produced toxicity in previous

phase I trials of TTK inhibitors. These results also suggest
a novel, non-canonical role for TTK function in mediating
dsDNA break repair through interaction with the HR pathway
that impacts radiosensitivity in aggressive basal-like models of
breast cancer (Figure 1).
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Figure 1. Genomic stabilization by TTK. Inhibition of TTK protein kinase (TTK) leads to an increase in aneuploidy, lagging chromosomes, and mitotic catastrophe
through its canonical role in the spindle assembly checkpoint (SAC) complex. Our findings demonstrate a novel role for TTK in the homologous recombination (HR)
pathway. Inhibition of TTK with knockdown, kinase-dead constructs, and a clinical grade inhibitor, Bayer 1161909, decreases in the efficiency of HR but has no effect
on non-homologous end joining (NHEJ). IR – ionizing radiation.
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