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Introduction
Breast cancer (BC) is the most commonly diagnosed invasive can-
cer in women in the United States and the second leading cause of 
cancer- related deaths (1). Radiation therapy (RT) remains a main-
stay therapy for patients with BC and has been shown to not only 
reduce local recurrence (LR) but improve overall survival for these 
patients (2). Although RT is effective for many patients with BC, a 
significant proportion of them, especially those with basal-like BC, 
continue to have high rates of LR and poor overall survival, sug-
gesting that RT is not as effective in those patient populations (3–7).

Although effective targeted treatment options are available for 
estrogen receptor–positive (ER+) and human epidermal growth factor 
receptor 2–positive (HER2+) BCs, fewer targeted treatment options 
exist for women with basal-like BCs. Recent advancements in BC 
subtyping have allowed for more advanced clinical risk stratification 
and treatment recommendations for patients; however, recommen-
dations for radiation dose and treatment scheduling remain similar 
for all BC subtypes (8, 9). In an era of precision medicine and molec-
ularly targeted therapy, understanding the molecular drivers of radia-
tion resistance in basal-like BC remains a critical unmet clinical need.

To that end, previous studies have attempted to identify and 
characterize targets for the radiosensitization of BC, including 
basal- like BC. These studies have identified cell-cycle and DNA 
damage response proteins that may be implicated in RT resistance 
(10). As expected, targeting DNA damage response–related pro-
teins is a promising strategy for radiosensitization (11). Recently, 
cell- cycle proteins have also been shown to be possible radiosen-
sitization targets, often through modulation of the effectiveness 
of DNA damage repair genes (12, 13). To date, however, few ther-
apies targeting these proteins have been clinically implemented, 
owing, in part, to the dose-limiting toxicities and off-target effects 
of these agents.

Here, we sought to identify novel radiosensitizing targets in 
aggressive basal-like BC. In this study, we used clinical data sets to 
correlate gene expression with recurrence-free survival after radia-
tion in women with BC and nominate TTK as a potential mediator of 
radioresistance in aggressive subtypes of BC. Using clinical and pre-
clinical data, we demonstrate that TTK was overexpressed in locally 
recurrent and basal-like BC. Preclinical studies show that inhibition 
of TTK, both genetically and pharmacologically, leads to increased 
radiosensitivity of basal-like BC cell lines and patient- derived xeno-
graft) models. Our preclinical studies showed that radiosensitiza-
tion is kinase function dependent and is mediated, at least in part, 
through impaired homologous recombination (HR) repair efficiency. 
Finally, we validated TTK inhibition–mediated radiosensitivity in 
vivo using a clinical-grade pharmacologic inhibitor.

Increased rates of locoregional recurrence are observed in patients with basal-like breast cancer (BC) despite the use of 
radiation therapy (RT); therefore, approaches that result in radiosensitization of basal-like BC are critically needed. Using 
patients’ tumor gene expression data from 4 independent data sets, we correlated gene expression with recurrence to find 
genes significantly correlated with early recurrence after RT. The highest-ranked gene, TTK, was most highly expressed 
in basal-like BC across multiple data sets. Inhibition of TTK by both genetic and pharmacologic methods enhanced 
radiosensitivity in multiple basal-like cell lines. Radiosensitivity was mediated, at least in part, through persistent DNA 
damage after treatment with TTK inhibition and RT. Inhibition of TTK impaired homologous recombination (HR) and repair 
efficiency, but not nonhomologous end-joining, and decreased the formation of Rad51 foci. Reintroduction of wild-type TTK 
rescued both radioresistance and HR repair efficiency after TTK knockdown; however, reintroduction of kinase-dead TTK did 
not. In vivo, TTK inhibition combined with RT led to a significant decrease in tumor growth in both heterotopic and orthotopic, 
including patient-derived xenograft, BC models. These data support the rationale for clinical development of TTK inhibition as 
a radiosensitizing strategy for patients with basal-like BC, and efforts toward this end are currently underway.
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spindle 1 (Mps1), as the top-ranked gene, with an average log2 fold 
change of 1.73 across the 4 independent data sets. To further refine 
our nomination, we focused on genes with a clinical- grade inhibi-
tor currently in development. TTK was 1 of only 3 genes found to 
currently have a pharmacological agent in clinical trial according to 
ClinicalTrials.gov (Table 1).   To confirm our findings, we performed 
Kaplan-Meier analyses of 2 independent data sets (Servant and 
Vande Vijver), as well as with 1 of the original 4 data sets (Wang). 
These data sets all had more carefully annotated LR-specific infor-
mation and included women treated with RT. In all 3 data sets, TTK 
expression above the median was correlated to a decrease in local 
recurrence–free survival (LRFS) (Servant: hazard ratio = 1.70, P = 
0.004; Vande Vijver: hazard ratio = 2.42, P = 0.005; Wang: hazard 
ratio = 2.23, P < 0.0001) (Figure 1, B–D). Furthermore, when divided 
into quartile expression, TTK expression was associated with a 

Results
TTK is the top gene correlated to recurrence after radiation in BC across 
4 independent data sets. In an effort to identify genes that play a role 
in radioresistance and thus increase rates of LR in BC, we correlated 
gene expression to early (defined as 3 years or earlier) recurrence, 
including LR, across 4 independent data sets that included women 
treated with radiation according to the standard of care. We restricted  
our results to genes with an OR of 2.0 or greater and a multiple- 
testing–corrected P value of less than 1.0 × 10–6. Within these 
constraints, we found 10 genes that were significantly correlated 
with early recurrence across all 4 BC data sets (Figure 1A). These 
genes were ranked on the basis of their average differential log2 fold 
change across all 4 data sets, among patients with early (≤3 years) 
recurrence and those who did not have evidence of recurrence at 3 
years. This nomination identified TTK, also known as monopolar 

Figure 1. TTK expression correlates with BC recurrence and independently predicts LRFS. (A) Four BC data sets (Desmedt, van ‘t Veer, Wang, and 
Schmidt) were used to identify genes associated with early recurrence (within 3 years) (OR >2.0; P < 1.0 × 10–6). (B–D) Kaplan-Meier LRFS analysis of 
3 independent data sets: Servant (B), Vande Vijver (C), and Wang (D) demonstrated that patients with higher-than-the-median expression of TTK 
had significantly higher rates of LR after radiation compared with patients with lower-than-the-median TTK expression. (E) TTK was overexpressed 
in basal- like BC compared with expression in other BC subtypes (P < 0.0001) and was overexpressed in BC compared with healthy tissue (P < 0.0001) 
in the METABRIC data set. (F) TTK was overexpressed in basal-like BC compared with non–basal-like BC, using transcripts per million (TPM) mea-
surement, in the University of Michigan’s institutional data set (Met500) (P < 0.0001). A 2-sided Student’s t test and a 1-way ANOVA were used for 
statistical analyses. Error bars represent SD.
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in the data set from TCGA and rank ordered by correlation coeffi-
cient. This gene list was then input for GSEA to identify pathways 
and networks associated with TTK expression. We found that 
cell-cycle genes in the ionizing radiation (IR) response at 6 and 
24 hours were significantly enriched concepts at the top of the list 
(enrichment score >3.5 and P < 0.00001) (Supplemental Figure 
2A). Negatively correlated concepts were related to ER+ and lumi-
nal BC, further validating our original nomination of TTK as being 
associated with basal-like BC (Supplemental Figure 2B). Together, 
these results indicate that TTK may be involved in the radiation 
response in BC and may function as a mediator of radiosensitivity.

To measure the effect of TTK perturbation on radiosensitivity in 
vitro, we used previously characterized radioresistant BC cell lines 
with high TTK expression (MDA-MB-231 and BT-549) (Supplemen-
tal Figure 1, J and K, and ref. 17). We performed clonogenic survival 
assays on stable, basal-like BC cell lines using doxycycline-inducible 
(Dox-inducible) shRNA to knock down TTK. Dox-induced TTK 
knockdown increased radiosensitivity in multiple shTTK stable 
clones in both MDA-MB-231 (radiation enhancement ratio [rER]: 
shTTK-1, 1.42–1.63; shTTK-2, 1.21–1.25) (Figure 2A) and BT-549 
(rER for shTTK-1: 1.21–1.25; rER for shTTK-2: 1.21–1.26) (Figure 2C) 
cell lines. We also observed a significant decrease in the percent-
age of surviving cells after 2 Gy radiation (SF-2 Gy) in shTTK Dox+ 
compared with shTTK Dox– clones. We confirmed the knockdown 
of TTK protein with varying degrees of cytotoxicity in both cell lines 
(Figure 2, B and D, and Supplemental Figure 2, C and D). Addition-
ally, we found that Dox treatment had no effect on radiosensitivity in 
shControl stable MDA-MB-231 or BT-549 cell lines (Figure 2, A–D).

To confirm that TTK kinase function, and not just protein struc-
tural or scaffolding function, is important in mediating the response 
to RT in basal-like BC models, we performed clonogenic assays 
with the ATP-competitive TTK inhibitor Bayer 1161909 empesertib 
(hereafter referred to as B909), which is currently in clinical devel-
opment (18). This drug was chosen, as it is currently the only TTK 
inhibitor in phase I/II clinical trials and because the target specific-
ity, pharmacodynamics, and pharmacokinetics have already been 
well established (18). The drug doses used for radiosensitization 
studies were approximately half of the IC50 of proliferation in order 
to evaluate radiosensitization, and not single- agent antiproliferative 
effects (Supplemental Figure 2, E–G). We confirmed TTK inhibition 

stepwise decrease in LRFS in these data sets (Supplemental Fig-
ure 1, A–C; supplemental material available online with this article; 
https://doi.org/10.1172/JCI130435DS1). Univariate analysis (UVA) 
showed that TTK expression was significantly correlated with LRFS 
in all 3 data sets (Tables 2, 3, 4, 5, 6, and 7). In multivariate analysis 
(MVA), using a stepwise logistic regression model, TTK remained 
the strongest predictor of LR (hazard ratio, 1.29–11.29), indepen-
dent of all other clinicopathologic features (Tables 2–7).

We then evaluated TTK expression in multiple independent 
data sets to determine whether it is associated with any intrin-
sic subtype of BC. In each data set evaluated, TTK expression 
was significantly elevated in patients with ER– tumors compared 
with patients with ER+ tumors (P < 0.001; Supplemental Figure 1, 
D–F). Moreover, using the METABRIC (Molecular Taxonomy of 
Breast Cancer International Consortium) data set (14) (n = 1,986 
patients) to evaluate TTK expression by BC-intrinsic subtype, we 
found that TTK expression was highest in the basal-like subtype 
and was significantly overexpressed in BC tissue versus healthy 
tissue (P < 0.0001; Figure 1E). Furthermore, in an institutionally 
assembled data set of BC metastatic tumors (MET500 patients; 
ref. 15), we found that TTK was significantly overexpressed in 
basal- like BC compared with other subtypes (Figure 1F). This 
association was also seen in The Cancer Genome Atlas (TCGA) 
BC data set (n = 945 patients) (Supplemental Figure 1G). Using 
RNA-Seq data for BC cell lines from the Cancer Cell Line Ency-
clopedia (CCLE), we found that TTK was overexpressed in ER– 
BC cell lines compared with expression in ER+ BC cell lines and 
was more highly expressed in basal-like cell lines than in HER2+ 
or luminal cell lines (P < 0.001; Supplemental Figure 1, H and I). 
We measured TTK protein expression in a panel of BC cell lines, 
which confirmed higher expression of TTK protein in basal-like 
BC cell lines, with MDA-MB-231 and BT-549 having the highest 
TTK protein expression levels (Supplemental Figure 1, J and K). 
Finally, we compiled the mutational landscapes of the cell lines 
used for further studies (Supplemental Figure 1L and ref. 16).

TTK inhibition radiosensitizes basal-like BC cell lines. The cor-
relation between TTK and early recurrence suggests that TTK may 
be involved in the RT response in BC. To further examine this, 
we performed gene set enrichment analysis (GSEA). Here, TTK 
expression was correlated with the expression of all other genes 

Table 1. Genes associated with locoregional recurrence after radiation

Data set gene Desmedt log2(FC) van ‘t Veer log2(FC) Wang log2(FC) Schmidt log2(FC) log2(FC) average Clinical development
TTK 1.70 1.35 1.66 2.22 1.73 Yes
CCNB2 1.54 1.20 1.60 2.39 1.68
NEK2 1.30 1.15 1.79 2.10 1.58
DLGAP5 1.52 1.12 1.48 2.19 1.58
CCNA2 1.35 1.12 1.55 2.11 1.53 Yes
EZH2 1.28 1.15 1.55 1.78 1.44 Yes
RACGAP1 1.32 1.10 1.47 1.79 1.42
BUB1B 1.22 1.09 1.39 1.70 1.35
KPNA2 1.19 1.13 1.49 1.51 1.33
ACTR3 1.19 1.08 1.23 1.53 1.26

List of 10 overlapping genes (across the 4 data sets Desmedt, van ‘t Veer, Wang, and Schmidt) associated with locoregional recurrence after radiation. The 
fold change (FC) between recurrent and nonrecurrent genes is indicated under each data set. The genes under clinical development are listed.
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shTTK cells (Figure 3A) and at 4, 12, and 16 hours for BT-549 
shTTK cells (Figure 3B), suggesting that TTK knockdown delayed 
dsDNA break repair efficiency. Representative images are shown 
of γH2AX, 24 hours after RT of MDA-MB-231 shTTK cells (Sup-
plemental Figure 3A) and 16 hours after RT of BT-549 shTTK cells 
(Figure 3C).

To assess the contribution of TTK kinase function in dsDNA 
break repair, we also measured unresolved dsDNA damage after 
treatment with B909 (75 nM) of MDA-MB-231 and BT-549 cell lines. 
Approximately 75% of cells treated with 2 Gy radiation were pos-
itive for γH2AX foci 30 minutes after radiation (Figure 3, D and E). 
As seen in the shTTK cell lines, combination treatment of B909 and 
RT resulted in persistent γH2AX foci+ cells over time in MDA-MB-231 
cells (16 and 24 hours) (Figure 3D) and BT-549 (12 and 16 hours) (Fig-
ure 3E). Representative images are shown of γH2AX foci staining 24 
hours after RT in MDA-MB-231 cells (Figure 3F) and 16 hours after 
RT in BT-549 cells (Supplemental Figure 4B).

Finally, we assessed dsDNA break repair using a second inhib-
itor, NMS-P715, in MDA-MB-231 cells. As previously observed, 
TTK inhibition in combination with RT, led to persistent γH2AX 
foci at 16 and 24 hours (Supplemental Figure 3B). Representative 
images of γH2AX foci at the 24-hour time point are shown in Sup-
plemental Figure 3D. These results indicate that TTK inhibition 
may lead to radiosensitization of basal-like BC cell lines, at least in 
part as a result of impaired dsDNA damage repair.

TTK inhibition decreases HR-mediated DNA damage repair. HR 
and nonhomologous end-joining (NHEJ) are the 2 prominent mech-
anisms in dsDNA repair. Although either may be involved in dsDNA 
break repair, previous reports suggested a potential correlation 
between TTK expression and HR (21). To further investigate these 
possible mechanisms of radiosensitization, we again performed 
GSEA by correlating gene expression with TTK expression. Here, 
we used the Kyoto Encyclopedia of Genes and Genomes (KEGG) to 
nominate cellular pathways related to TTK expression. In both the 
METABRIC and TCGA data sets, HR was significantly correlated 
with TTK gene expression and was listed among the top-8 positively 
correlated concepts (Figure 4, A and B). However, NHEJ was not sig-
nificantly correlated with TTK expression in either data set. Thus, we 
hypothesized that TTK-mediated radiosensitization and persistent 
unresolved dsDNA breaks are due, at least in part, to decreased HR 
repair efficiency. Using stable cell lines with a well-characterized and 
validated HR-specific GFP reporter system, we tested the efficien-
cy of HR after TTK knockdown (22–24). In both MDA-MB-231 and 
BT-549 cell lines, siRNA-mediated TTK knockdown significantly 
decreased HR efficiency compared with siNT (Figure 4, C and D). 
As controls, knockdown of Rad51, a key protein in the HR pathway, 

by Western blot analysis of phospho–histone 3 (Ser10), a reported 
marker of functional TTK (Supplemental Figure 2, H and I, and ref. 
19). A dose-dependent decrease in SF-2 Gy was also observed in all 
cell lines, and B909 caused varying degrees of cytotoxicity in all cell 
lines (Supplemental Figure 2, K–M). However, combination treat-
ment of B909 and RT did not significantly decrease growth com-
pared with B909 alone (Supplemental Figure 2J).

As a final, independent confirmation of radiosensitization, 
we performed clonogenic survival assays using an additional TTK 
inhibitor, NMS-P715 (19). TTK inhibition with NMS-P715 also 
increased radiosensitivity and significantly decreased the SF-2 
Gy, further indicating that TTK kinase function is important for 
radioresistance (Supplemental Figure 2N). Cytotoxicity and rER 
with NMS-P715 are summarized in Supplemental Figure 2O.

TTK inhibition leads to persistent DNA damage after radiation. 
Although radiosensitization can be induced through a number 
of mechanisms, we hypothesized that TTK-mediated radiosen-
sitization may be due in part to decreased dsDNA damage repair 
efficiency. To evaluate the effect of TTK inhibition on dsDNA 
break repair, we measured γH2AX foci (more than 15 foci per cell), 
a marker for unresolved dsDNA damage, in cells treated with 
the TTK inhibitor, RT, or combination treatment over time (20). 
Using the MDA-MB-231 shTTK and BT-549 shTTK models, we 
measured γH2AX foci at various time points after treatment with 
DMSO, Dox (2 μg/mL) alone, RT (2 Gy) alone, or a combination 
of Dox and RT. Thirty minutes after RT, we detected equivalent 
levels of γH2AX+ cells in the cells treated with RT alone or with 
combined treatment (~70% in MDA-MB-231 shTTK and ~80% in 
BT-549 shTTK), whereas the nonirradiated cells had few γH2AX+ 
cells. Over time, the cells treated with RT alone repaired the 
RT-induced dsDNA damage more efficiently than did the com-
bination treatment group at 4, 16, and 24 hours for MDA-MB-231 

Table 2. UVA of the Servant data set

Covariate Hazard ratio P value
TTK 1.34 (95% CI, 1.07–1.71) 0.01
ER status 0.80 (95% CI, 0.47–1.36) 0.41
Age 0.94 (95% CI, 0.90–0.98) 0.008
T stage 1.13 (95% CI, 0.71–1.79) 0.02
Nodes 1.13 (95% CI, 0.71–1.80) 0.62
Chemotherapy 0.98 (95% CI, 0.62–1.55) 0.95
Surgical margin positivity 1.55 (95% CI, 0.77–3.10) 0.73
Grade 1 Reference
Grade 2 0.99 (95% CI, 0.50–1.96) 0.98
Grade 3 1.83 (95% CI, 1.12–2.98) 0.02
Luminal A subtype Reference
Basal subtype 1.48 (95% CI, 0.80–2.86) 0.24
HER2 subtype 3.75 (95% CI, 1.22–11.50) 0.02
Luminal B subtype 1.99 (95% CI, 1.13–3.50) 0.02

UVAs and MVAs were performed for the Servant, Vande Vijver, and Wang 
data sets independently. In a multivariate Cox proportional hazards 
regression analysis of all patients, only TTK expression (continuous 
variable) remained significantly associated with worse LRFS in all 3 data 
sets. A log-rank (Mantel-Cox) test was used for survival curve analyses. T 
stage, tumor stage.

 

Table 3. MVA of the Servant data set

Covariate Hazard ratio P value
TTK 1.29 (95% CI, 1.04–1.65) 0.03
HER2 subtype 2.09 (95% CI, 1.10–3.90) 0.02

All other covariates were NS on MVA including ER status, age, T stage, 
nodes, chemotherapy, surgical margin positivity, grade, and other intrinsic 
subtypes.
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phosphorylated replication protein A (p-RPA) levels, indicating 
a disruption of the HR pathway and possibly a lack of Rad51 foci 
formation after TTK knockdown (Supplemental Figure 4F and ref. 
29). This further indicates that TTK inhibition via B909 disrupts 
HR, which probably leads to increased radiosensitivity of basal- 
like BC cell lines.

TTK inhibition has no effect on NHEJ repair. Although TTK 
inhibition decreased HR efficiency, we also tested the effect of 
TTK inhibition on NHEJ efficiency using a well-characterized 
and validated NHEJ-specific reporter plasmid system (30, 31). 
Dox- induced TTK knockdown in MDA-MB-231 and BT-549 
shTTK cells did not decrease NHEJ efficiency, whereas treat-
ment with the known DNAPK inhibitor NU7441 (1.5 μM) signifi-
cantly decreased the efficiency of NHEJ in both cell lines (Figure 
5, A and B). To evaluate the effect of TTK kinase function on 
NHEJ efficiency, we also treated MDA-MB-231 and BT-549 
cells with B909 (50 nM and 75 nM). Neither B909 nor AZD7762 
(CHK1/-2 inhibitor) affected NHEJ efficiency, whereas NU7441 
(DNAPK inhibitor) significantly decreased the efficiency of 
NHEJ (Figure 5, C and D).

Additionally, we treated MDA-MB-231 and BT-549 cells with 
B909 alone, RT alone, or a combination of B909 and RT to deter-
mine whether canonical NHEJ phosphorylated proteins were 
affected. In both MDA-MB-231 and BT-549 cells, we found no 
difference in p-Ku80 (Thr714) levels following combined treat-
ment of B909 and RT compared with RT alone (Figure 5, E and F). 
Together, these results confirm that TTK inhibition has no effect 
on NHEJ repair efficiency.

Kinase-dead TTK does not rescue the radiosensitivity phe-
notype. To validate that inhibition of TTK kinase function is 
responsible for the radiosensitization phenotype previously 
observed, we performed clonogenic survival assays using siRNAs 
to deplete endogenous TTK expression while reintroducing 
siRNA- resistant wild-type (WT) or kinase-dead (KD) TTK. As 
previously demonstrated, knockdown of TTK using siRNAs 
significantly (P < 0.01) increased radiosensitivity in both MDA-
MB-231 and SUM-159 cell lines. Reexpression of WT TTK 
restored radioresistance in both cell lines; however, reexpres-
sion of KD TTK did not restore radioresistance in either cell line 
(Figure 6, A and B). Western blot analyses showed that the siRNA 
dramatically reduced endogenous TTK expression. It also con-
firmed robust expression of WT and KD TTK upon reintroduc-
tion using siRNA- resistant constructs (Supplemental Figure 
6A). A summary of cytotoxicity and rER is provided in Supple-
mental Figure 5, B and C. Together, these results confirm that 
the kinase function of TTK is essential for the radioresistance 
phenotype observed in basal-like BC models.

significantly decreased HR efficiency using this reporter system, 
whereas knockdown of XRCC6 (Ku70), a key protein in NHEJ, had 
no effect on HR efficiency (Figure 4, C and D, and ref. 25). To evalu-
ate the dependence of this TTK-mediated HR repair on TTK kinase 
function, we used pharmacological TTK inhibition via B909 (50 
nM and 75 nM). As with TTK knockdown, we found that treatment 
with B909 significantly decreased HR efficiency in MDA-MB-231 
and BT-549 cells (Figure 4, E and F). Checkpoint kinases 1 and 2 
(CHK1 and CHK2), which are critical proteins in the HR response, 
and DNA-dependent protein kinase (DNAPK), which is required for 
effective NHEJ repair, served as model system controls. As expected, 
pharmacologic inhibition of CHK1/-2 by AZD7762 (150 nM), an 
equipotent CHK1/-2 inhibitor, decreased HR efficiency, whereas 
the DNAPK inhibitor NU7441 (1.5 μM), which is not known to affect 
HR, had no effect on HR proficiency (Figure 4, E and F, and refs. 
26–28). All experiments were repeated in a second clone to reduce 
clone- specific effects and confirm that TTK knockdown or inhibition 
decreases HR efficiency (Supplemental Figure 4, A–D).

To further corroborate our findings that TTK knockdown and 
inhibition decreased HR proficiency, we performed Rad51 foci for-
mation assays after RT (4 Gy) in MDA-MB-231 shTTK and BT-549 
shTTK stable cell lines. Rad51 foci formation is a marker for active 
HR repair; therefore, inhibition of Rad51 foci formation is indica-
tive of impaired HR proficiency (25). In both cell lines, combination 
treatment with Dox (TTK knockdown) and RT resulted in a signif-
icant decrease in Rad51 foci formation at both early and late time 
points (MDA-MB-231: 6 and 24 hours, BT-549: 4 and 16 hours) 
compared with RT alone. We observed few Rad51 foci at either 
time point in cells treated with DMSO or Dox alone (Figure 4, G 
and I). Representative images at 24 hours (MDA-MB-231) and 16 
hours (BT-549) are shown, and Western blot analyses showed that 
Rad51 protein expression was equal across all treatment groups, 
indicating that the decrease in Rad51 foci cannot be attributed to 
a more general decrease in Rad51 protein after TTK knockdown 
(Figure 4, H and J). These results indicate that RT induces Rad51 
foci formation, whereas TTK knockdown inhibits this formation 
and likely leads to decreased HR efficiency.

Finally, we treated BT-549 cell lines with B909 alone, RT 
alone, or a combination of B909 and RT and found a decrease in 
both phosphorylated breast cancer 1 (p-BRCA1) and p-CHK1 after 
combined treatment of B909 and RT compared with RT alone 
(Supplemental Figure 4E). Decreased levels of p-BRCA1 and 
p-CHK1 are canonical markers of impaired HR efficiency. Addi-
tionally, combination treatment with B909 and RT decreased 

Table 5. MVA of the Vande Vijver data set

Covariate Hazard ratio P value
TTK 11.29 (95% CI, 1.49–28.06) 0.04
Age 0.90 (95% CI, 0.83–0.99) 0.02

All other covariates were NS on MVA including ER status, T stage, nodes, 
chemotherapy, hormone therapy, type of surgery, and grade.

 

Table 4. UVA of the Vande Vijver data set

Covariate Hazard ratio P value
TTK 4.05 (95% CI, 1.33–38.85) 0.01
ER status 0.92 (95% CI, 0.29–2.99) 0.89
Age 0.91 (95% CI, 0.83–0.99) 0.02
T stage 0.96 (95% CI, 0.90–1.03) 0.25
Nodes 1.13 (95% CI, 0.71–1.80) 0.62
Chemotherapy 1.76 (95% CI, 0.63–4.89) 0.28
Hormone therapy 0.65 (95% CI, 0.14–3.02) 0.59
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We also wanted to confirm that inhibition of TTK kinase 
function was responsible for the impaired HR phenotype. Using 
the stable HR GFP reporter cell lines described above, we mea-
sured the impact of TTK knockdown using siRNA as well as the 
reintroduction of WT and KD TTK. In both MDA-MB-231 and 
BT-549 cell lines, we found that reexpression of WT TTK res-
cued HR efficiency, whereas expression of KD TTK was not able 
to rescue HR competency after siRNA-mediated TTK knock-
down of TTK (Figure 6, C and D). To further confirm, the role of 
TTK kinase function on HR, we conducted Rad51 foci formation 
experiments. Forty-eight hours before RT (4 Gy), BT-549 cells 
were pretreated with one of the following: Lipofectamine alone, 
an siRNA targeting TTK, an siRNA plus WT TTK, or an siRNA 
plus KD TTK. TTK knockdown resulted in a significant decrease 
in Rad51 foci formation (Figure 6E). However, reexpression of 
WT TTK after knockdown rescued Rad51 foci formation, but 
reexpression of KD TTK was unable to rescue appropriate Rad51 
foci formation (Figure 6E). Representative images of Rad51 foci 4 
hours after RT are shown in Figure 6F.

TTK knockdown or inhibition reduces tumor growth in vivo. Once 
we established that TTK knockdown or inhibition leads to radiosen-
sitization of basal-like BC in vitro and that this effect is mediated, at 
least in part, by decreased dsDNA break repair efficiency through 
HR, we sought to determine whether inhibition of TTK in vivo simi-
larly leads to radiosensitization. We initially used the MDA-MB-231 
shTTK–knockdown model in heterotopic xenograft studies by 
injecting cells subcutaneously into the flanks of female mice. After 
the tumors were established and grew to approximately 100 mm3 in 
size, the mice received either no treatment, TTK knockdown with 
Dox, RT alone, or a combination of TTK knockdown with Dox and 
RT. RT was administered in 6 doses of 2 Gy over 6 days, beginning 
72 hours after the initial Dox treatment to knock down TTK (Figure 
7A). Combination treatment significantly reduced relative tumor 
growth compared with no treatment, TTK knockdown with Dox, 
or RT alone (Figure 7B). The time to tumor tripling significantly 
increased for combination treatment (undefined) compared with 
no treatment (14 days), TTK knockdown with Dox (19 days), or RT 
(17.5 days) (Figure 7C). Mouse weights were not significantly differ-
ent between treatment groups in this study (Supplemental Figure 
6A). To confirm that the addition of Dox reduced TTK expression, 

we performed immunohistochemical analyses of tumor samples 
and found that Dox-induced TTK knockdown significantly reduced 
TTK expression in the shTTK Dox+ tumors compared with the 
shTTK Dox– tumors (Figure 7, D and E). Finally, using the fractional 
tumor volume (FTV) method to measure synergy between treat-
ments, we found that a combination of TTK knockdown and RT led 
to at least an additive, if not superadditive, effect (ratio [R] <1) (Sup-
plemental Figure 6B).

To establish that Dox has no effect on tumor growth and to 
determine that the decrease in tumor growth previously seen was 
not an artifact of a single shTTK clone, we performed a second 
study with 4 independent, stable MDA-MB-231 shRNA groups 
(shControl Dox–, shControl Dox+, shTTK-2 Dox+, and shTTK-2 
Dox+ plus RT). We observed no difference in tumor growth 
between shControl with or without Dox, indicating that Dox alone 
had no effect on tumor growth (Supplemental Figure 6, C and D). 
As seen in our previous xenograft study, a combination of TTK 
knockdown and RT decreased tumor growth and increased time 
to tumor tripling (34 days) compared with shControl Dox– (10.5 
days), shControl Dox+ (13 days), and shTTK-2 Dox+ (15 days) (Sup-
plemental Figure 6, C and D). Again, mouse weights were similar 
in all groups (Supplemental Figure 6E).

To assess the role of TTK kinase function, and not just protein 
expression, in radiosensitization in vivo, we performed a xenograft 
study using the clinical-grade TTK inhibitor B909 to test whether TTK 
kinase inhibition would also decrease tumor growth and increase 
time to tumor tripling. Using a similar design scheme, we treated 
mice with either placebo (critical micellar concentration–Tween-80 
[CMC–Tween-80]), RT alone, B909 (1 mg/kg) alone, or a combi-
nation of therapies (RT plus B909). Combination treatment signifi-
cantly decreased relative tumor growth and significantly increased 
the time to tumor tripling (undefined number of days) compared 
with placebo (11 days), RT alone (22 days), or B909 alone (15 days) 
(Figure 7, F and G). Interestingly, 19% of tumors in the combination 
treatment group remained stable in size and were not growing even 
at the time of study completion (38 days), suggesting a sustained, 
durable response even weeks after the completion of therapy. As 
with TTK knockdown, combination treatment of B909 and RT had 
little effect on mouse weights (Supplemental Figure 6F). Further-
more, using the FTV method to measure synergy between treat-
ments, we found that inhibition of TTK kinase function had a 
synergistic effect with RT (R >1) (Supplemental Figure 6G).

To confirm these findings independently, we used an orthot-
opic PDX model to test the efficacy of B909 plus RT. In this model, 
we implanted basal-like BC PDX (the PDX mutations are listed 
in Supplemental Figure 1L) tumors into the mammary fat pads of 
mice and allowed them to grow to approximately 100 mm3 in size. 

Table 7. MVA of the Wang data set

Covariate Hazard ratio P value
TTK 1.32 (95% CI, 1.15–1.87) 0.03
Grade 2.63 (95% CI, 1.16–5.98) 0.02

All other covariates were NS on MVA including ER status, age, T stage, PR 
status, and menopause status. 

Table 6. UVA of the Wang data set

Covariate Hazard ratio P value
TTK 1.44 (95% CI, 1.15–1.80) <0.001
ER status 0.87 (95% CI, 0.50–1.50) 0.62
Age 0.99 (95% CI, 0.97–1.01) 0.20
T stage 0.97 (95% CI, 0.63–1.48) 0.88
PR status 1.43 (95% CI, 0.87–2.36) 0.16
Grade 2.77 (95% CI, 1.35–5.69) 0.002
Mastectomy 0.69 (95% CI, 0.24–1.98) 0.49
Grade 1.25 (95% CI, 0.65–2.42) 0.51
Menopause status 0.92 (95% CI, 0.56–1.50) 0.73

PR, progesterone receptor.
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Figure 2. Inhibition of TTK confers radiosen-
sitivity in multiple basal-like BC cell lines 
with high baseline TTK expression. (A and 
C) shRNA-induced TTK knockdown (shTTK) 
increased radiosensitivity in MDA-MB-231 (rER: 
1.21–1.63) and BT-549 (rER: 1.21–1.26) cell lines. 
(B and D) The addition of Dox led to TTK knock-
down in multiple stable clones in MDA-MB-231 
and BT-549 cell lines. (E–G) Pharmacological 
inhibition of TTK induced radiosensitivity of 
MDA-MB-231 cells (rER: 25 nM 1.15–1.18, 37.5 nM 
1.23–1.29, 50 nM 1.34–1.39), BT-549 cells (rER: 25 
nM 1.10–1.17, 37.5 nM 1.11–1.30, 50 nM 1.23–1.39), 
and SUM-159 cells (rER: 25 nM 1.11–1.26, 37.5  
nM 1.35–1.64, 50 nM 1.74–2.27) in a dose- 
dependent fashion. Data represent the mean 
of 3 independent experiments, and error bars 
represent SEM for clonogenic assays and SD for 
SF-2 Gy. A 2-sided Student’s t test was used for 
comparison of shRNA clonogenic assays, and 
a 1-way ANOVA with Dunnett’s multiple com-
parisons test was used for comparison of B909 
clonogenic assays. *P < 0.05, **P < 0.01, ***P < 
0.001, and ****P < 0.0001. shCon, shControl.
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Figure 3. TTK inhibition in combination with RT leads to persistent dsDNA damage over 
time. (A and B) Combination treatment of Dox-inducible shRNA and RT led to persistent 
dsDNA damage over time in 2 basal-like BC cell lines: MDA-MB-231 (A) and BT-549 (B). (C) 
Representative images of BT-549 γH2AX foci at 16 hours. Original magnification, ×60. (D 
and E) Pharmacological inhibition of TTK kinase function, using B909, in combination with 
RT led to persistent dsDNA damage over time in 2 basal-like BC cell lines, MDA-MB-231 (D) 
and BT-549 (E). (F) Representative images of MDA-MB-231 γH2AX foci at 24 hours. Original 
magnification, ×60. Data represent the mean of 3 independent experiments repeated in 
triplicate, with approximately 100 cells counted for each experiment, and error bars represent 
SD. A 2-sided Student’s t test was used for comparison. *P < 0.05 and **P < 0.01
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strate that TTK inhibition, in combination with RT, is a potentially 
effective strategy for the radiosensitization of basal-like BC that 
may ultimately lead to decreased rates of recurrence for patients.

In our nomination of novel targets for the radiosensitization of 
BC, we found TTK, also known as Mps1, to be the top target for 
radiosensitization of basal-like BC. TTK is overexpressed in var-
ious cancers and has previously been studied as a target for the 
treatment of BC, glioblastoma, ovarian cancer, colon cancer, and 
others (18, 19, 32–35). TTK has been well characterized for its role 
in the spindle assembly checkpoint (SAC) complex, which prevents 
progression from metaphase to anaphase in mitosis when problems 
occur in metaphase (36–40). Previously, TTK inhibition has been 
shown to cause irregular mitosis as well as increased aneuploidy, 
lagging chromosomes, and mitotic catastrophe (41, 42). Given 
these findings, previous groups have focused on TTK inhibition 
as a monotherapy, in combination with conventional chemother-
apies, or in combination with anti–programmed cell death 1 (anti–
PD-1) antibodies (18, 33, 41, 43). To date, however, few studies 
have characterized the role of TTK in the radiation response or as a 
possible combination therapy with RT (32). Additionally, previous 
studies have implicated TTK in HR- and NHEJ-mediated dsDNA 
break repair, although these studies suggest that TTK may be more 
strongly linked to the HR pathway than to the NHEJ pathway (21, 
32). Our results add to this growing body of literature and are the 
first to our knowledge to suggest that TTK inhibition is a viable 
strategy for the radiosensitization of basal-like BC. We also demon-
strate for the first time to our knowledge that this radiosensitivity in 
BC is mediated, at least in part, through impaired HR repair.

Our nomination process, in 4 distinct BC data sets, identified 
10 genes that are correlated with recurrence in patients treated 
with radiation. In addition to the top nominated gene (TTK), 
multiple other identified genes (including EZH2 and KPNA2) 
have previously been associated with recurrence and radioresis-
tance in various cancers (44, 45). This suggests that our unbiased 
approach to nominate novel mediators of recurrence was rational 
and effective. Although we only studied the effect of TTK inhi-
bition on radiosensitization in this study, these additional genes 
may also be strong targets for the radiosensitization of BC and 
warrant further investigation.

Here, we show that TTK kinase function mediates HR com-
petency; however, there are probably additional mechanisms for 
radiosensitization that are influenced by TTK. Increases in mitotic 
catastrophe, aneuploidy, and cell-cycle defects have previously been 
linked to TTK inhibition and are likely to contribute to the observed 
radiosensitization (32, 33, 40, 42, 46). In our study, we used 3 basal- 
like BC cell lines and a PDX model that were all BRCA1 WT in order 
to asses HR competency. We hypothesize that TTK inhibition may 
also have utility in BRCA1-mutant BC cell lines through its role in 
the SAC complex and not through impaired HR. However, further 
studies are necessary to validate this hypothesis.

We have demonstrated that TTK inhibition had no effect on 
NHEJ efficiency (Figure 5), despite other reports showing reduced 
NHEJ efficiency after TTK inhibition (32). This discrepancy may 
be explained by the different model systems and different pharma-
cological inhibitors used. For example, previous studies reporting 
that TTK inhibition led to impaired NHEJ used the TTK inhibitor 
NMS-P715 (32). However, at higher doses, NMS-P715 also inhibits 

The mice received either placebo treatment (CMC–Tween-80), 
RT alone, B909 (2.5 mg/kg) alone, or combination therapy (RT 
plus B909). In agreement with the previous animal studies, com-
bination treatment led to a significant decrease in tumor growth 
and increased time to tumor tripling (undefined number of days) 
compared with placebo (9 days), RT alone (22 days), or B909 alone 
(13 days) (Figure 7, H and I). Combination treatment of B909 and 
RT did not cause weight loss in mice, however, mice that received 
either placebo or B909 alone gained weight throughout the study, 
a finding that can be attributed to the growth of the PDX tumors 
(Supplemental Figure 6H). As seen in our previous study, combi-
nation treatment of B909 and RT was synergistic (R >1) and led to 
tumor regression in many mice (Supplemental Figure 6I). These 
results indicate that TTK inhibition, using B909 in combination 
with RT, inhibits tumor growth and delays the time to tumor tri-
pling. Together, our findings in multiple nonoverlapping models 
suggest that the combination treatment of B909 and RT may be 
a feasible strategy for the treatment of patients with basal-like BC 
with a high risk of LR.

Discussion
In this study, we unbiasedly nominated TTK as the gene most 
strongly correlated with BC recurrence after radiation in 4 inde-
pendent patient data sets (Figure 1). TTK expression is strongly 
associated with triple-negative breast cancer/basal-like (TNBC/
basal-like) BC subtypes. Using both genetic (shRNA and siRNA) 
and pharmacologic (NMS-P715 and Bayer 1161909 empesertib) 
TTK inhibition, we induced radiosensitization in multiple basal- 
like BC cell lines (Figure 2). We found that TTK inhibition led 
to persistent, unresolved dsDNA damage over time (Figure 3). 
TTK knockdown or inhibition led to impaired HR with no effect 
on NHEJ, and impaired HR was responsible, at least in part, for 
increased radiosensitivity of basal-like BC cell lines (Figures 4 
and 5). We also show that inhibition of TTK kinase function was 
responsible for increased radiosensitivity and loss of HR effi-
ciency through the use of WT and KD TTK reexpression after 
endogenous TTK knockdown (Figure 6). In vivo, both genetic 
and pharmacologic TTK inhibition decreased tumor growth and 
increased the time to tumor tripling in both cell line and ortho-
topic PDX models (Figure 7). Together, these results demon-

Figure 4. TTK inhibition reduces HR efficiency. (A and B) KEGG analysis 
through GSEA correlated the HR pathway with TTK expression in the 
METABRIC (A) and TCGA (B) data sets. (C and D) siRNA-induced TTK 
knockdown reduced HR efficiency in an HR-specific report system in MDA-
MB-231 (C) and BT-549 (D) cells. (E and F) Inhibition of TTK kinase function, 
by B909 at 50 nM and 75 nM, reduced HR efficiency in MDA-MB-231 (E) and 
BT-549 (F) cells. TTKi, TTK inhibition; CHKi, CHK1/2 inhibition; DNAPKi, 
DNAPK inhibition. TTKi1, TTK inhibition with 50 nM B909; TTKi2, TTK inhi-
bition with 75 nM B909. (G and I) TTK knockdown via a Dox-inducible shRNA 
reduced Rad51 foci formation after 4 Gy radiation in MDA-MB-231 (G) and 
BT-549 (I) cell lines. (H and J) Representative images of MDA-MB-231 (H) 
and BT-549 (J) Rad51 foci and Western blots showing no change in total 
Rad51 levels after Dox or RT treatment. Original magnification, ×60 (H and 
I). Data represent the mean of 3 independent experiments, and error bars 
represent SD. A 1-sided t test corrected for multiple comparisons was used 
for comparison of HR efficiency assays, and a 2-sided Student’s t test was 
used for comparisons of Rad51 foci experiments. *P < 0.05, **P < 0.01, and 
***P < 0.001. NES, normalized enrichment score.
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LRs after radiation remain a significant issue for women 
with basal-like BC, as the molecular drivers of these radiore-
sistant recurrences are currently unclear. This study identifies 
TTK as a potential molecular mediator of radioresistance in 
basal-like BC. These data suggest that utilizing TTK inhibitors 
in combination with radiation may lead to improved rates of 
local control and disease cure for women with basal-like BC 
with high TTK expression. Future studies by our group and 
others will test this hypothesis in clinical trials, with the goal 
of improving local control and survival in women with these 
aggressive forms of BC.

maternal embryonic leucine zipper kinase (MELK), a kinase that 
our laboratory has shown to be critical to the NHEJ pathway (19). 
These off-target effects may have caused the decreased NHEJ 
efficiency seen in their study. However, further research needs to 
be performed in multiple nonoverlapping models to adequately 
address this concern. Furthermore, although we demonstrate that 
TTK inhibition led to a decrease in HR repair efficiency, we have 
not yet identified the mechanism by which this occurs. Additional 
studies are currently underway to understand how TTK interacts 
with proteins in the HR pathway and how TTK inhibition leads to 
decreased HR efficiency.

Figure 5. TTK knockdown has no effect on NHEJ repair efficiency. (A and B) TTK knockdown via Dox-inducible shRNA had no effect on NHEJ efficiency 
in MDA-MB-231 (A) or BT-549 (B) cells, whereas DNAPK inhibition significantly reduced NHEJ efficiency. (C and D) Pharmacologic inhibition of TTK kinase, 
using B909 at 50 nM and 75 nM, had no effect on NHEJ, whereas DNAPK inhibition significantly reduced NHEJ efficiency in MDA-MB-231 (C) and BT-549 (D) 
cell lines. (E and F) Inhibition of TTK with B909 had no effect on p-Ku80 (Thr714) levels. Data represent the mean of 3 independent experiments, and error 
bars represent SD. A 2-sided Student’s t test was used for comparison of shTTK NHEJ assays, and a 1-way ANOVA with Dunnett’s multiple comparisons 
test was used for comparison of B909 NHEJ assays. *P < 0.05 and **P < 0.01.
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overexpressed” as a primary concept filter, we identified the genes whose 
expression was significantly correlated to a recurrence event within 3 years 
of diagnosis, with an OR of greater than 2 and a multiple testing corrected 
P value of less than 0.000001 in each data set as originally reported (51). 
The identified genes from each data set were then compared for overlap 
in all 4 data sets to generate the final list of genes for further investigation.

Methods
Gene nomination. Four independent data sets of primary tumor samples 
from women with BC with associated, curated recurrence data and gene 
expression were used for nomination (Wang [ref. 47], Desmedt [ref. 48], 
van ‘t Veer [ref. 49], and Schmidt [ref. 50]). Using Oncomine.org for anal-
ysis and “invasive ductal breast carcinoma – recurrence at 3 years – top 1% 

Figure 6. After knockdown of TTK, 
WT TTK rescues the radiosensi-
tization phenotype, but KD TTK 
does not. (A and B) siRNA-induced 
TTK knockdown led to radiosen-
sitization of MDA-MB-231 (A) and 
SUM-159 (B) cell lines. The addition 
of WT TTK rescued this phenotype, 
whereas KD TTK did not. (C and D) 
Knockdown of TTK using a siRNA 
decreased HR efficiency, whereas 
the reintroduction of WT TTK res-
cued HR efficiency. However, rein-
troduction of KD TTK did not rescue 
HR efficiency in MDA-MB-231 (C) or 
BT-549 (D) cell lines. (E) siRNA- 
induced TTK knockdown decreased 
Rad51 foci formation, however, 
reintroduction of WT TTK rescued 
Rad51 foci formation. Introduction 
of KD TTK was unable to rescue 
Rad51 foci formation. (F) Repre-
sentative images of Rad51 foci at 4 
hours. Original magnification, ×60.
Data represent the mean of 3–4 
independent experiments, and error 
bars represent SD. A 1-way ANOVA 
with Dunnett’s multiple compar-
isons test was applied. *P < 0.05, 
**P < 0.01, and ****P < 0.0001. 
Lipo, Lipofectamine.
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Transfections, siRNAs, shRNAs, and plasmids. siRNAs and shRNAs 
were ordered from Dharmacon and are listed in Supplemental Table 
1. siRNAs were transfected using Lipofectamine RNAiMax (Invitro-
gen) and Opti-MEM media (Invitrogen). WT and KD TTK plasmids 
were provided by the Yu laboratory and contained a 6x Myc tag (56). 
Specific information on siRNAs, shRNAs, and plasmids is provided in 
Supplemental Table 1.

Irradiation. Irradiation was performed using a Kimtron IC 225 
(Kimtron Medical) at a dose rate of approximately 2 Gy/min at the 
University of Michigan Comprehensive Cancer Center Experimen-
tal Irradiation Core (Ann Arbor, Michigan, USA). Dosimetry was per-
formed semiannually using an ionization chamber connected to an 
electrometer system that was directly traceable to a National Insti-
tute of Standards and Technology calibration. The beam was colli-
mated with a 0.1-mm Cu inherent filter, and a 0.2-mm Cu filter was 
used for cell line irradiation. A 2-mm Cu filter was used for in vivo 
xenograft experiments.

γH2AX and Rad51 foci formation assay. γH2AX and Rad51 foci 
were analyzed as previously described (57). Cells with more than 
15 γH2AX foci or more than 10 Rad51 foci were scored as positive. 
Blinded analysis was performed when counting cells positive for 
foci. The list of antibodies used is provided in Supplemental Table 1.

HR reporter assay. Cells were transfected with the HR reporter 
DR-GFP plasmid using Lipofectamine 2000 (Invitrogen) following 
the manufacturer’s recommendations, with Geneticin (Thermo Fish-
er Scientific) selection and validation by flow cytometry for GFP+ cells 
after I-SceI treatment (58). Validated clones were plated in a 6-well 
plate, pretreated with the indicated siRNA for 24 hours, drug for 1 
hour, or TTK plasmids for 48 hours. The SceI adenovirus was added 
to the cells for 48 hours, and cells were harvested and sorted by flow 
cytometry for GFP+ cells, which indicated successful HR.

NHEJ reporter assay. The pEYFP plasmid (gift from the Canman 
Laboratory, University of Michigan, Ann Arbor, Michigan, USA) 
was completely digested with 20 U NheI-HF and purified using a 
QIAquick PCR Purification Kit (QIAGEN, catalog 28104). Cells 
(1.0 × 105 cells per well) were plated in 6-well plates. The following 
day, 1 μg of the digested pEYFP plasmid was transfected per well. 
One hour before transfection, the cells were treated with either the 
TTK inhibitor or DMSO. Cells were harvested at the indicated time 
points, and the DNA plasmids were isolated with the QIAprep Spin 
Miniprep Kit (QIAGEN, catalog 27106). SYBR Green (Thermo Fish-
er Scientific) real-time quantitative PCR was conducted in triplicate 
in a 384-well PCR system, using DNA as a template. The specific 
primers used are listed in Supplemental Table 1. Relative DNA repair 
efficiency was calculated by the comparative method normalized to 
the Ct value of the internal control.

Mouse xenograft experiments. Cells were injected subcutaneously 
into the bilateral flanks or orthotopically into the mammary fat pads 
of CB-17 SCID female mice that were originally sourced from Charles 
River Laboratories and maintained in a breeding colony at the Univer-
sity of Michigan. Tumors were allowed to grow to approximately 100 
mm3 in size and were randomized before treatment began. Dox (1 μg/
mL) was given through the drinking water to induce shTTK cells 72 
hours prior to the beginning of RT. Bayer 1161909 (B909) was admin-
istered at a dose of 1 mg/kg twice a day for 2 days over a 4-week period, 
1 day prior to the start of RT. RT was administered in 6 doses of 2 Gy. 
Tumor size was measured 3 times a week using a digital caliper, and 

GSEA. Gene expression was correlated to TTK expression in the 
TCGA BC data sets and ranked by correlation coefficient. The settings 
used in the GSEA were c2.all.v6.symbols.gmt (curated) as the gene 
sets database, 1000 permutations, and the minimum size was 15. For 
GSEA KEGG analysis, both METABRIC and TCGA were used with 
c2.cp.kegg.v7.0.symbols.gmt, 1000 permutations, and a minimum 
size of 10 (52, 53).

Cell culture. The basal-like BC cell lines MDA-MB-231 and 
BT-549 were grown from frozen samples (American Type Culture 
Collection [ATCC]). MDA-MB-231 cells were grown in DMEM 
(Invitrogen, Thermo Fisher Scientific) supplemented with 10% FBS 
(Invitrogen) and penicillin/streptomycin (Invitrogen). BT-549 cells 
were grown in RPMI 1640 (Invitrogen) with 10% FBS (Invitrogen). 
SUM-159 cells were originally sourced from Steve P. Either (Uni-
versity of Michigan) and were obtained internally from Sofia Mer-
ajver (University of Michigan). SUM-159 cells were grown in HAMS 
F-12 media (Thermo Fisher Scientific) supplemented with 5% FBS 
(Invitrogen), 5 mg/mL human insulin (MilliporeSigma), 10 mmol/L 
HEPES (Thermo Fisher Scientific), 1 mg/kg hydrocortisone (Milli-
poreSigma), and an antibiotic-antimycotic. All cell lines were grown 
in a 5% CO2 incubator. Cells were passaged at approximately 70% 
confluence. Cell lines were authenticated at the University of Mich-
igan DNA Sequencing core facility before use and tested for myco-
plasma routinely (MycoAlert, Lonza).

Clonogenic survival assays. Exponentially growing cells were 
plated in 6-well plates overnight before treatment with Dox, the 
drug, siRNA, or TTK plasmids. Cells were pretreated with, Dox (2 
μg/mL) for 36 hours, with the drug for 2 hours, siRNA for approxi-
mately 8–24 hours, and TTK plasmids for 24 hours before RT. Cells 
were allowed to grow for 7–14 days before being fixed (7:1, metha-
nol/acetic acid) and stained (crystal violet). Fifty or more cells con-
stituted a colony. A linear-quadratic survival curve was fitted to each 
assay, as previously described (54).

Western blot analysis. Cells were washed twice with ice-cold PBS 
and lysed with RIPA buffer (Thermo Fisher Scientific) supplemented with 
phosSTOP (Roche) and cOmplete Mini Protease Inhibitors (Mil-
liporeSigma). Western blot analysis was performed as previously 
described (55). Specific antibody information and dilutions are pro-
vided in Supplemental Table 1.

Figure 7. Combination treatment of TTK inhibition and RT reduces 
basal-like BC tumor growth in vivo. (A) Model of treatment schedule for 
in vivo studies. (B) Dox-inducible MDA-MB-231 shTTK cells had decreased 
tumor growth following a combination of Dox and RT (n = 16) com-
pared with TTK knockdown (n = 15) or RT (n = 16) alone. (C) Combination 
treatment (RT plus Dox) leads to increased time to tumor tripling in vivo. 
(D) Immunohistochemistry from shTTK in vivo model depicts success 
knockdown of TTK after the addition of Dox. Original magnification, ×1 and 
×15 (enlarged insets). (E) Average percentage of TTK+ cells across 4 tumors 
from the shTTK in vivo model, with and without Dox. (F) TTK inhibition 
using combination treatment of B909 (1 mg/kg) and RT led to decreased 
tumor growth and (G) increased time to tumor tripling in MDA-MB-231 BC 
cells (n = 16 tumors per group). (H) In an orthotopic PDX model, combined 
treatment of B909 (2.5 mg/kg) and RT decreased tumor growth com-
pared with placebo, B909 only, or RT only. (I) Combination treatment with 
B909 and RT led to increased time to tumor tripling. A 1-way ANOVA with 
Dunnett’s multiple comparisons test and log-rank (Mantel-Cox) test were 
used for analyses. Error bars indicate the SEM. **P < 0.01, ***P < 0.001, 
and ****P < 0.0001.
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