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 ABSTRACT 

Immune and radiation resistance of cancer cells to cytotoxicity mediated 
by TNFα is promoted by the transcription factor NF-κB in several cancers, 
including head and neck squamous cell carcinoma (HNSCC). Genomic 
alterations that converge on the TNFα/NF-κB signal axis were found in 
∼40% of HNSCCs by The Cancer Genome Atlas. However, identification 
of therapeutic targets that contribute to aberrant TNFα/NF-κB activation 
and resistance has been challenging. Here, we conducted a functional 
RNAi screen to identify regulators of TNFα-induced NF-κB activation and 
cell viability, using parallel NF-κB β�lactamase reporter and cell viability 
assays in a HNSCC cell line which harbors expression and genomic al-
terations typically found in human papillomavirus–negative HNSCC. Be-
sides multiple components of canonical TNFα/NF-κB signaling, we 
identified components of the WNT, NOTCH, and TGFβ pathways that we 
previously showed contribute to noncanonical activation of NF-κB. Un-
expectedly, we also observed that multiple G2/M cell-cycle kinases [Aurora 
kinase A, polo-like kinase 1, WEE1, and threonine tyrosine kinase (TTK)], 

and structural kinetochore/microtubule components (NDC80 and NUF2), 
modulate TNFα-induced NF-κB activation and cell viability. Several of these 
targets inhibit TNF-induced nuclear translocation of RELA, consistent with 
prior reports linking NF-κB activation to G2/M kinases or microtubule as-
sembly. Further investigation of an understudied mitotic kinase, TTK/ 
monopolar spindle 1, shows that its inhibition or depletion attenuates TNFα- 
induced RELA nuclear translocation, promoting cell death, DNA damage, 
polyploidy, and mitotic catastrophe, leading to radiosensitization. Together, 
our RNAi screening identifies a critical linkage between the G2/M cell-cycle 
checkpoint/kinetochore components and NF-κB activity, as well as targets 
that can sensitize HNSCC cells to TNFα or radiation. 

Significance: Here, RNAi library screening reveals that multiple G2/M and 
kinetochore components, including TTK/monopolar spindle 1, modulate 
TNFα-induced NF-κB activation, cell survival, and genotoxicity, under-
scoring their potential importance as therapeutic targets in HNSCC. 

Introduction 
TNFα is an important mediator of immune cytotoxicity in cancer (1). Radio-
therapy can also induce TNFα and cell death via TNF receptor (TNFR) or via cell 
death pathways activated by reactive oxygen species (ROS) and genotoxic DNA 
damage (2). However, the cytotoxic effects of TNFα and genotoxic therapies can 
be attenuated via signal activation of the canonical IKK α/β/γ complex, which 
promotes phosphorylation and degradation of inhibitor kappa B, nuclear 
translocation, and activation of the prosurvival transcription factor NF-κB1/ 
RELA (3). IKK and NF-κB1/RELA induce transcription and increased expres-
sion of antiapoptotic proteins, which can enhance resistance to caspase and 
mitochondrial cell death (3). We have shown that the canonical IKK–NF-κB/ 
RELA pathway is often aberrantly activated and promotes resistance to effects of 
TNFα, as well as immune-mediated and radiation cytotoxicity, in head and neck 
squamous cell carcinomas (HNSCC; refs. 4–6). 

HNSCCs affect ∼900,000 new patients and cause ∼450,000 deaths annually 
and are the sixth most common cancer worldwide (7). HNSCCs include a 
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subset linked to infection with high-risk human papillomaviruses (HPV+), 
and those linked to tobacco and alcohol use (HPV�; ref. 7). HPV+ HNSCCs have 
a better prognosis and survival when compared with HPV� HNSCCs, in patients 
receiving standard treatment. Significantly, The Cancer Genome Atlas (TCGA) 
uncovered genomic alterations that encode proteins that form critical compo-
nents of the TNFα receptor–NF-κB/death domain receptor signaling complex, 
which is deregulated and implicated in cell survival and therapeutic resistance in 
cancer (8). These include amplifications of chromosome 11q13/22 that harbor 
genes Fas-associated death domain and baculovirus inhibitor of apoptosis repeat 
containing (BIRC2/cIAP1) in ∼30% of HPV� HNSCCs. A mutually exclusive 
subset harboring mutations of caspase 8 affects an additional 10% of HPV�

cases. Furthermore, deletions in TNF-associated factor 3 (TRAF3) and over-
expression of BIRC3 (cIAP2) are detected in ∼20% of HPV+ HNSCCs (8). IAP1/ 
2 are ligases that form a polyubiquitin scaffold linking the TNFR complex to 
activate the canonical IKK/NF-κB prosurvival pathway, while antagonizing 
caspase-mediated cell death (9). TRAF3 loss results in stabilization of the NF-κB– 
inducing kinase (10). Furthermore, our pan-cancer comparison of TCGA data 
reveals that HNSCC and other squamous cancers harbor the highest frequency 
of genomic alterations in these TNFα/NF-κB/cell death pathways (11). Addi-
tionally, HPV itself induces NF-κB activity via the E6 oncogene (12). Thus, the 
activation of the NF-κB pathway via genomic alteration or viral induction makes 
it a potentially important target for therapy (13). However, as IKK and NF-κB– 
inducing kinase knockout or inhibitors have demonstrated significant toxicity 
(14–16), identification of other suitable therapeutic targets that inhibit aberrant 
activation of TNFα–NF-κB prosurvival signaling and enhance cancer cell cyto-
toxicity without such undesirable toxicities has been challenging. 

To screen for modulators of TNFα-induced NF-κB prosurvival signaling, we 
developed an HPV� HNSCC cell line stably expressing NF-κB promoter re-
sponse elements linked to a β-lactamase reporter gene (5) and performed an 
RNA interference (RNAi) screen for targets resulting in inhibition of TNFα- 
induced NF-κB activation, and cell viability. This revealed that siRNAs targeting 
multiple components of the G2/M cell-cycle checkpoint, kinetochore, and mi-
crotubules inhibit TNFα-induced NF-κB nuclear translocation, activation, and 
cell survival. These include several potential druggable targets, such as the kinases 
polo-like kinase 1 (PLK1), Aurora kinase A (AURKA), WEE1, and threonine 
tyrosine kinase/monopolar spindle 1 (TTK; referred to as TTK from hereon). In 
this report, we further demonstrate that TTK modulates NF-κB activity in 
HNSCC and contributes to TNFα and radiation resistance. 

Materials and Methods 
HNSCC cell lines 
The UMSCC1 (HPV�) and UMSCC47 (HPV+) cell lines, from the University of 
Michigan squamous cell carcinoma (UMSCC) series, were obtained from Dr. 
T.E. Carey. These UMSCC cell lines were authenticated by genotyping with nine 
markers and whole-exome sequencing as described previously (17, 18). UMSCC 
cell lines were cultured in minimal essential medium (MEM) supplemented with 
10% FCS, penicillin and streptomycin (100 μg/mL), and MEM nonessential 
amino acids. The cell line stocks were preserved frozen in liquid nitrogen and 
used within 3 months of culture. 

In vitro RNAi screening 
The generation and characterization of the UMSCC1κB reporter line were 
previously described (5). For screening, siRNA libraries (Ambion Silencer 

Select libraries V4, Thermo Fisher Scientific) plated in 384 well plates were 
reverse transfected using Lipofectamine in MEM into 1,500 UMSCC1κB cells/ 
well, and cultured for 56 hours followed by 16 hour with TNFα (20 ng/mL; 
see schema, Supplementary Fig. S1A). NF-κΒ activation (blue) and viability 
(green) were then simultaneously quantified via β-lactamase FRET assay, to 
identify siRNAs inhibiting NF-κB activity and/or cell viability, and the effects 
on viability were independently verified by a parallel CellTiter-Glo (CTG) 
assay. We performed two replicate screens of a kinome siRNA library 
which each contains siRNAs targeting 709 kinase mRNAs and a druggable 
genome (DG) screen targeting 9,031 mRNAs (Supplementary Table S1); 
and a whole genome (WG) screen targeting 21,584 mRNAs (Supplemen-
tary Table S2). Each library includes three unique siRNAs targeting dif-
ferent regions of the same mRNA. The replicate kinome library screens 
1 versus 2 were highly correlated as measures of library and assay re-
producibility (Supplementary Fig. S2A). The viability as measured by 
green FRET activity (Supplementary Fig. S2B) and green FRET versus 
CTG (K1 vs. CTG, r ¼ 0.31 K2 vs. CTG, r ¼ 0.419) assays was also 
correlated in linear regression analyses. For the RNAi screens, median 
absolute deviation (MAD), redundant siRNA analysis (RSA), or common 
seed analysis (CSA) methods were used to integrate and limit false 
positives for the results of multiple siRNAs tested for the same gene (19). 
For validation, 333 candidates significantly modulating NF-κB in pri-
mary WG screen by CSA, RSA, and potentially related to NF-κB or cell 
cycle by Ingenuity Pathway Analysis (IPA) were selected for secondary 
screen with three independent siRNAs from the Ambion Silencer 
V3 druggable and whole extension libraries, and CSA of six siRNAs from 
the primary and secondary screens was used to determine the signifi-
cance and prioritize hits most likely due to on-target effects (Supple-
mentary Table S3; ref. 20). 

Statistical analysis 
IPA (SCR_008653) was performed to classify the top pathways significantly 
modulated along with NF-κB reporter activity by depletion of the 769 can-
didates from the WG screen ranked by CSA (Supplementary Table S4). Gene 
expression data and patient progression-free survival (PFS) were down-
loaded from the Supplementary Information of the pan-squamous cancer 
TCGA study (18). Patient overall survival (OS) data were downloaded from 
Firehose at the Broad Institute (https://confluence.broadinstitute.org/ 
display/GDAC/Home/). For differential gene expression analysis between 
normal and tumor tissue, and HPV� and HPV+ tumor tissue, Wilcoxon sum 
rank test was used to assess statistical significance. The clinical survival 
endpoints for patients were PFS and OS. The PFS and OS curves were 
obtained using the Kaplan–Meier method and were compared using the log- 
rank test. The Cox proportional hazards model was used to estimate HRs 
with 95% confidence intervals. To examine if the relationship between TTK 
expression, tumor stage, or treatment and survival in 434 HPV� and 
80 HPV+ tumors was significant, we performed a multivariate analysis. TTK 
expression was dichotomized as high or low using an outcome-orientated 
method that provides a value for a cut point that corresponds to the most 
significant relationship with survival (surv cutpoint function). The tumor 
stage was grouped to Stage_Low (stages I and II) and Stage_High (stage III 
and stages IVA, IVB, and IVC). For treatment, as all patients for which tissue 
was submitted to the TCGA had surgery, we controlled for surgery only (no 
radiation) and surgery and radiation (with radiation). 
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The combination index (CI) for TTK inhibitor with combinations on cell 
viability was analyzed for synergy (CI < 1) or additive (CI ∼ 1) effects using 
the Chou–Talalay method using CompuSyn (21). All graphs were prepared 
using the GraphPad Prism (RRID: SCR_002798; GraphPad) or R software 
version 4.0.2. Error bars represent mean ± SE. Statistical significance was 
determined as follows: NS, not significant; *, P < 0.05; **, P < 0.01; 
***, P < 0.001. 

Data availability 
All data are included within the main text and supplementary files. 

Results 
RNAi screening identifies canonical and noncanonical 
signal pathway, G2/M kinases, and kinetochore 
components as modulators of TNFα-induced NF-κB 
reporter activity and cell viability 
We previously established the HPV� HNSCC cell line UMSCC1κΒ, which 
stably expresses an NF-κB response element–β-lactamase reporter gene (5). 
This cell line was then used to screen for modulators of TNFα-induced NF- 
κB activity and cell viability as described (Supplementary Fig. S1A and S1B; 
ref. 5). To assess the reproducibility of the assay, we first performed and 
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FIGURE 1 RNAi screening identifies G2/M kinases and kinetochore components as modulators of TNFα-induced NF-κB reporter activity and cell 
viability. A, Schematic demonstrating identified canonical and noncanonical regulators of NF-κB from the RNAi screening. Identified hits are in bold 
and underlined. B, NF-κB reporter activity in UMSCC1κB after transfection with select siRNAs from the kinome 1, kinome 2, and DG RNAi screens. 
Canonical and noncanonical hits are shown. NF-κB activity is shown as a percentage of a negative control siRNA (set at 100%). C, Cell viability in 
UMSCC1κB after transfection with select siRNAs from the kinome 1, kinome 2, and DG RNAi screens. Canonical and noncanonical hits are shown. Cell 
viability is shown as a percentage of a negative control siRNA (set at 100%). D, Validation of NF-κB reporter activity in UMSCC1κB comparing primary 
and secondary screen with three independent siRNAs. Select siRNAs from the RNAi screen are shown compared with the DG results (Genome in 
figure). Canonical and noncanonical hits are shown. NF-κB activity is shown as a percentage of a negative control (set at 100%). Each RNAi screen 
contained three individual siRNA targeting each gene. Validation siRNA experiments used separate siRNAs not used in the RNAi screens. (A, Created 
with BioRender.com.) 
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compared the results of two separate screens with an siRNA library (Ambion 
Gene Silencer Kinome v4) containing siRNAs targeting 709 kinase mRNAs 
and assessed the effects on NF-κB activity and cell viability. Our data con-
firmed a high degree of correlation between the effects of knockdown of 
these targets on NF-κB activity or cell viability, validating the robust global 
reproducibility between the screens (kinome 1 vs. kinome 2; Supplementary 
Table S1A; Supplementary Fig. S2A and S2B). For prioritization, we used a 
previously standardized approach employing the MAD (a cutoff 
of �1.5 MAD), or alternatively, the redundant siRNA analysis (RSA) and log 
P values (a cutoff of �1.96 log P) for siRNAs targeting the same mRNA, to 
rank those reducing NF-κB activity and/or cell viability (Supplementary 
Table S1A; refs. 19, 22). Supporting the functional validity of the screen, the 
top 27 kinases whose knockdown inhibited NF-κB activity and/or cell via-
bility (MAD < �1.5 or logP < �1.96) included components of the TNFR– 
IKK–NF-κB pathway [e.g., RIPK1, IKBKG (IKKγ), CHUK (IKKα), and 
IKBKB (IKKβ; Supplementary Table S1A; Fig. 1A–C)]. A third independent 
screen using a broader DG siRNA library targeting >10K mRNAs over-
lapping the kinome library also showed significant inhibition of NF-κB and/ 
or cell viability by knockdown of many of the same plus additional com-
ponents of the TNFR–IKK–NF-κB and proteasome pathway (e.g., 
TNFRSF1A, multiple PSMA/B genes, RELA; Fig. 1A–C; Supplementary Table 
S1B). Other targets included components of TGFβ, NOTCH, PI3K, WNT/ 
FZD/GSK3, and SEMA6A signaling, several of which have been implicated 
in modulating NF-κB activity in HNSCC or other contexts (Supplementary 
Tables S1A and S1B; Fig. 1A–C; refs. 23–27). 

Having demonstrated the reproducibility and functional utility of the as-
say, we next screened a WG siRNA library targeting 21,567 mRNAs 
overlapping the kinome and DG libraries for inhibitors of NF-κΒ activa-
tion, using the same conditions described in the previous screens (Sup-
plementary Table S2A). To further minimize false positives caused by off- 
target effects of siRNAs with similar seed regions in the first seven to eight 
bases of the siRNA, CSA correction was also performed (Supplementary 
Table S2B), as previously described (20). The screening data for each CSA- 
corrected mRNA were ranked by log (P value) for inhibition of NF-κΒ 
activity, and a broad data threshold was set at �2 log (P value), which 
yielded 769 mRNAs for which siRNAs significantly inhibited NF-κΒ ac-
tivity (Supplementary Table S2B). This WG ranked list also included many 
of the known canonical signaling molecules in the TNFR complex, 
downstream IKKs, proteasome, and NF-κΒ transcription factor subunits 
and reported noncanonical modulators of NF-κB. A subset of these se-
lected for further validation by three independent siRNAs demonstrated 
similar or greater inhibition when compared with those in the WG library 
(Fig. 1D; Supplementary Table S3). 

Pathway classification of the 769 WG screen components for which 
knockdown significantly decreased NF-κΒ activity was performed using IPA, 
which independently identified several significantly modulated pathways 
previously implicated in modulating NF-κB, such as protein ubiquitination 
(e.g., proteasome), acute phase response, TWEAK, and TNFR1 signaling 
(Fig. 2A; Supplementary Table S4). Unexpectedly, several classifiers related 
to mitosis, the G2/M checkpoint, and related kinases were also identified, 
including kinetochore metaphase signaling, mitotic roles of PLKs, and G2/M 
DNA damage checkpoint response (Fig. 2A and B). The review of our in-
dependent kinome and DG screening assays above also confirmed that the 
knockdown of multiple G2/M kinases, cell cycle, kinetochore, and tubulin 

components reproducibly inhibited NF-κB activity and cell viability (e.g., 
WEE1, PLK1, AURKA, TTK, TPR, NUF2, NDC80, BUB1B, and TUBA1B; 
Fig. 2C and D; Supplementary Tables S1 and S2). Many of these showed 
consistent inhibition of NF-κB activity across repeated screens in which the 
kinome, DG, and WG libraries each included the same three siRNAs tar-
geting their corresponding mRNA (Fig. 2C and D). From the genes signif-
icantly ranked by CSA and/or RSA and including known canonical and 
noncanonical NF-κB, G2/M, and kinetochore components annotated by 
IPA, we selected 333 for further validation. The results for three primary WG 
plus three secondary independent siRNAs were used for CSA and ranking by 
z-score (Supplementary Tables S2 and S3). We observed similar or greater 
NF-κB inhibition for many of those detected in the WG and validation 
screen (e.g., WEE1, PLK1, AURKA, TTK, TPR, NUF2, NDC80, BUB1B, and 
TUBA1B; Figs. 1D and 2E). 

To further examine the relative dependence of HNSCC upon several of these 
G2M/kinetochore components for cell survival, we used the DepMap portal, 
which contains the CRISPR knockout screens from Broad’s Achilles and 
Sanger’s Score projects in 68 head and neck cancer cell lines. Negative scores 
imply cell growth inhibition and/or death following gene knockout. Gene 
effect scores were inferred by Chronos; scores are normalized such that 
nonessential genes have a median score of 0 and independently identified 
common essentials have a median score of �1 (28). We used this database to 
assess the dependence of a large panel of head and neck cancer cell lines on 
the expression of PLK1, AURKA, TPR, NUF2, NDC80, and TTK. The data 
demonstrate that PLK1 and NUF2 are the most essential genes among these 
cancers, with the lowest Chronos scores. Among the other genes, NDC80, 
93% of the 69 cell lines have Chronos scores of < �1; TPR, 70% of the cell 
lines have scores of < �1; AURKA, 61% of the cell lines have scores of < �1. 
TTK exhibited values below 0, demonstrating a variable level of dependency 
in HNSCC cells (Fig. 2F). These data are consistent with our recent work, in 
which we established a novel interaction and role for the checkpoint kinase 
WEE1 in TNFα–IKK–NF-κB activation and prosurvival signaling in HNSCC 
(5). Our overall screening data suggest a broader repertoire of G2/M kinases 
and kinetochore components can modulate NF-κB activity and/or viability 
in HNSCC cells. 

Mitotic kinases and kinetochore components modulate 
NF-κB nuclear translocation, activity, cell viability, and 
TNFα resistance in HNSCC cells 
To validate the functional significance of G2/M components identified by our 
screens, we performed additional experiments to confirm the role of several 
identified candidates in the modulation of NF-κB activation and cell viability 
in HNSCC cells. Because prior reports have implicated a few individual kinases 
(PLK1 and AURKA) and microtubule assembly in modulating NF-κB acti-
vation and/or cytoplasmic-nuclear translocation (29–35), we analyzed the ef-
fects of depletion of several kinase and kinetochore components on TNFα- 
induced RELA nuclear localization, an essential step involved in canonical 
IKK-dependent NF-κB activation, using immunofluorescence confocal mi-
croscopy. We first confirmed depletion of the corresponding proteins for the 
mitotic kinases PLK1, AURKA, and TPR, as well as the structural kinetochore 
components NUF2 and NDC80, in the parental HPV� UMSCC1 line used for 
the reporter line in our screen (Supplementary Fig. S3A–S3E). Remarkably, 
depletion of each component significantly reduced TNF-induced RELA nu-
clear translocation (Fig. 3A and B), consistent with our NF-κB reporter data. 
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We next investigated the impact of depletion of these components on cell 
viability and TNFα resistance. In UMSCC1, depletion of these components 
significantly reduced clonogenic colony formation (Fig. 3C; representative 
images in Supplementary Fig. S4A). Interestingly, depletion of PLK1, AURKA, 
TPR, or NDC80 plus TNFα further significantly reduced colony formation 
than depletion alone (Fig. 3C; representative images in Supplementary Fig. 
S4A). Underlying the reduced clonogenicity, flow cytometry analysis revealed 
that depletion of these five components increased the proportion of cells in the 
G2/M phase of the cell cycle, as well as increasing sub-G1 DNA, indicative of 
DNA fragmentation and cell death (Fig. 3D; Supplementary Table S5A, rep-
resentative images in Supplementary Fig. S4B). The addition of TNFα 

enhanced the increase in sub-G1 DNA, which reached statistical significance in 
AURKA- and TPR-depleted cells. To examine the effects on the induction of 
apoptosis, we performed Annexin V assays by flow cytometry. Depletion of 
TPR, NUF2, or NDC80 significantly enhanced TNFα-induced apoptosis, 
whereas PLK1 or AURKA knockdown alone potently induced significant 
apoptosis, and the increase in apoptotic cells with addition of TNFα 
approached but did not reach statistical significance (Fig. 3E; representative 
images in Supplementary Fig. S4C). Supporting the biologic and clinical rel-
evance of these five components in proliferation and mitosis of HNSCC, each 
of these five genes is expressed at significantly higher levels in HNSCC tumors 
compared with normal tissue (Supplementary Fig. S5A), especially in HPV+ 
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FIGURE 2 Identification of G2/M checkpoint and 
kinetochore components as modulators of TNF-induced 
NF-κB activity in HNSCC cells. A, IPA was performed 
using data for the 769 candidates for which 
depletion significantly modulating NF-κB activity and 
ranked as < �2 LogP reporter seed corrected by CSA 
(Supplementary Table S2). B, Schematic 
demonstrating identified G2/M checkpoint kinases and 
kinetochore components significantly modulating NF- 
κB activity in UMSCC1κB cells. Identified hits are in 
bold and underlined. C, NF-κB reporter activity in 
UMSCC1κB after transfection with select siRNAs from 
the kinome 1, kinome 2, and DG RNAi screens. NF-κB 
activity is shown as a percentage of a negative control 
siRNA (set at 100%). D, Cell viability in UMSCC1κB after 
transfection with select siRNAs from the kinome 1, 
kinome 2, and DG RNAi screens. Cell viability is shown 
as a percentage of a negative control siRNA (set at 
100%). E, Validation of NF-κB reporter activity in 
UMSCC1κB after transfection with independent siRNAs. 
Select siRNAs from the secondary RNAi screen are 
shown compared with the DG results (genome in 
figure). NF-κB activity is shown as a percentage of a 
negative control (set at 100%). Each RNAi screen 
contained three individual siRNA targeting each 
gene. Validation siRNA experiments used separate 
siRNAs not used in the RNAi screens. F, Chronos- 
inferred gene dependency scores for PLK1, AURKA, 
NUF2, NDC80, and TTK in 69 head and neck cancer cell 
lines in the CRISPR knockout screens from Broad’s 
Achilles and Sanger’s Score projects. The order is 
based on the gene effect of PLK1 [most dependent cell 
line (lowest value) to least dependent cell line 
(highest value); B, created with BioRender.com.] 
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HNSCCs (Supplementary Fig. S5B) in the TCGA dataset. Together, the data 
above support increased expression of these G2/M kinases and kinetochore 
components in HNSCC tumors and their functional role in the modulation of 
NF-κB nuclear localization and activity, as well as promoting proliferation, 
viability, and TNF resistance in HNSCC cells. 

Inhibition of TTK reduces NF-κB activity in HNSCC cells 
Although WEE1, PLK1, and AURKA kinase inhibitors have been studied 
in HNSCC and other cancers, small molecule inhibitors targeting other 
G2/M kinases such as TTK are currently in preclinical or clinical de-
velopment (36, 37). TTK is a critical kinase that is a key regulator of the 
mitotic spindle assembly checkpoint (SAC). TTK-dependent SAC acti-
vation contributes to the maintenance of genome stability by delaying 
chromosome segregation until chromosomes are properly attached to the 
mitotic spindle in metaphase (38). We selected TTK for additional 
studies for several reasons: (i) TTK knockdown inhibited NF-κB activity 
in our screens; (ii) TTK has not previously been shown to play a role in 
TNF sensitization or the NF-κB pathway; (iii) a role for TTK as a po-
tential target in HNSCC has not previously been explored; and (iv) TTK 
small molecule inhibitors are available and in preclinical trials. To 

validate the potential role of TTK in NF-κB activation, we first examined 
the effect of TTK depletion on TTK expression and TNFα-induced NF- 
κB nuclear translocation. TNFα induced a small increase in TTK ex-
pression, whereas two independent TTK siRNAs resulted in reduced 
basal and TNF-inducible TTK in an HPV� (UMSCC1) and HPV+ 

(UMSCC47) cell line (Supplementary Fig. S6A). TTK depletion also 
resulted in a significant inhibition of TNFα-induced NF-κB nuclear 
translocation (Fig. 4A and B). We next confirmed our results using 
BAY1217389 (hereafter called B389), a highly potent and specific in-
hibitor of TTK that has undergone phase I clinical testing (39). To assess 
the functional effect of TTK inhibition, we monitored phosphorylated 
histone H3 at Ser10, a marker of mitotic cells, which has been extensively 
used as a marker for TTK activity (40). B389 at a low nanomolar con-
centration (20 nmol/L) significantly reduced the proportion of mitotic 
cells after 24 hours of treatment in UMSCC1 and 47 cells (Fig. 4C). 
Furthermore, this dose was able to reduce TNFα-inducible NF-κB re-
porter activity, which was decreased in a dose-dependent manner in 
response to TTK inhibition (Fig. 4D), consistent with TTK siRNA de-
pletion. Functionally, pharmacologic TTK inhibition also significantly 
reduced TNFα-induced RELA nuclear translocation in both cell lines 
(Fig. 4E and F). Together, these data confirm that TTK can modulate 

A C

B

D E

UMSCC1

UMSCC1
Sub-G1 G0/G1 S G2/M

UMSCC1

100

50

0

N
uc

le
ar

 R
E

LA
 (

%
)

PLK1 siRNA
AURKA siRNA A

TPR siRNA A
NUF2 siRNA A

NDC80 siRNA A

TNF –
–
–

–
–
–

–
–
–

++
+
+

+
++

++
++

++

+
–
–

–
–
–

+
–
–

–
–
–

+
–
–

–
–
– –

–
–
–
–

–

–
–
–
–

–
–
–
–

–
–
–

–
–
–

–
–

–
–

–

–

–

–

–
–

–
–

UMSCC1

PLK1 siRNA
AURKA siRNA A

TPR siRNA A
NUF2 siRNA A

NDC80 siRNA A

TNF –
–
–

–
–
–

–
–
–

++
+
+

+
++

++
++

++

+
–
–

–
–
–

+
–
–

–
–
–

+
–
–

–
–
– –

–
–
–
–

–

–
–
–
–

–
–
–
–

–
–
–

–
–
–

–
–

–
–

–

–

–

–

–
–

–
–

0.0

0.5

1.0

1.5

R
el

at
iv

e 
co

lo
ny

 fo
rm

at
io

n

NS

P = 0.25

PLK1 siRNA AURKA siRNA AScr siRNA TPR siRNA A NUF2 siRNA A NDC80 siRNA A

TNF – + – + – + – + – + – +
RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

RELA

MERGE

UMSCC1

100

50

0

C
el

l-c
yc

le
 p

ha
se

 (
%

) 100

150

50

0

P
er

ce
nt

ag
e 

(%
)

PLK1 siRNA
AURKA siRNA A

TPR siRNA A
NUF2 siRNA A

NDC80 siRNA A

TNF –
–
–

–
–
–

–
–
–

++
+
+

+
++

++
++

++

+
–
–

–
–
–

+
–
–

–
–
–

+
–
–

–
–
– –

–
–
–
–

–

–
–
–
–

–
–
–
–

–
–
–

–
–
–

–
–

–
–

–

–

–

–

–
–

–
–

PLK1 siRNA
AURKA siRNA A

TPR siRNA A
NUF2 siRNA A

NDC80 siRNA A

TNF –
–
–

–
–
–

–
–
–

++
+
+

+
++

++
++

++

+
–
–

–
–
–

+
–
–

–
–
–

+
–
–

–
–
– –

–
–
–
–

–

–
–
–
–

–
–
–
–

–
–
–

–
–
–

–
–

–
–

–

–

–

–

–
–

–
–

Early apoptosis

Late apoptosis

NS

P = 0.09

P = 0.15

FIGURE 3 Knockdown of G2/M kinases and 
kinetochore proteins inhibits NF-κB activity and 
sensitizes HNSCC cells to TNF-induced cell death. A, 
Quantification of percentage nuclear RELA in 
UMSCC1 cells transfected with siRNA targeting PLK1, 
AURKA, TPR, NUF2, and NDC80 for 72 hours, with 
TNFα (20 ng/mL) added for the final 30 minutes. 
DAPI (40, 6-diamidino-2-phenylindole) was used as a 
nuclear counterstain. Scale bar, 10 μmol/L. Data 
represent the percentage nuclear localization of 
RELA from 15 cells and were analyzed using ImageJ as 
previously (12). B, Representative 
immunofluorescence images of the data in A. C, 
Colony formation assay of UMSCC1 cells transfected 
with siRNA targeting PLK1, AURKA, TPR, NUF2, and 
NDC80 for 72 hours, with TNFα (20 ng/mL) added 
for the final 24 hours. DAPI was used as a nuclear 
counterstain. D, Cell-cycle analysis of UMSCC1 cells 
transfected with siRNA targeting PLK1, AURKA, TPR, 
NUF2, and NDC80 for 72 hours, with TNFα (20 ng/mL) 
added for the final 24 hours. Statistics are shown in 
Supplementary Table S5. E, Annexin V analysis of 
UMSCC1 cells were transfected with siRNA targeting 
PLK1, AURKA, TPR, NUF2, and NDC80 for 72 hours, 
with TNFα (20 ng/mL) added for the final 24 hours. 
Bars represent the means ± SD. All experiments are 
representative of at least three biological replicates. 
NS, not significant; *, P < 0.05; **, P < 0.01; 
***, P < 0.001. 

2908 Cancer Res Commun; 4(11) November 2024 https://doi.org/10.1158/2767-9764.CRC-24-0274 | CANCER RESEARCH COMMUNICATIONS 

Morgan et al. 

https://dx.doi.org/10.1158/2767-9764.CRC-24-0274


RELA

Scr siRNA TTK siRNA A Scr siRNA TTK siRNA A

TNF – – – – ++++
RELARELA RELA RELA RELA RELA RELA RELA

RELARELA RELA RELA RELA RELA RELA RELA

MERGEMERGEMERGEMERGEMERGE MERGEMERGEMERGE

MERGE MERGEMERGEMERGEMERGE MERGEMERGEMERGE

UMSCC1 UMSCC47

UMSCC1

UMSCC1

UMSCC1 UMSCC47

UMSCC47

UMSCC47

A

B C

D F

E

100

50

0

100

50

0

TNF

N
uc

le
ar

 R
E

LA
 (

%
)

TTK siRNA A

–
– –

–+
+

+
+

– –+ +
– – + +

– –+ +

M
ito

tic
 c

el
ls

 (
%

)

0.0

0.5

1.0

1.5

2.0

2.5

0.0

0.5

1.0

1.5

2.0

2.5

B389

8

6

4

2

0
B389 (nmol/L) – 5 10 20 40 – 5 10 20 40

DMSO

TNF

NS

N
F-

κB
 a

ct
iv

ity
 (

fo
ld

)

B389

– + – +

– – + +
– + – +

+ +– –

0

50

100

0

50

100

TNF 

N
uc

le
ar

 R
E

LA
 (

%
)

UMSCC1 UMSCC47

B389 B389DMSODMSO

TNF – – – – ++++

FIGURE 4 TTK inhibition reduces NF-κB RELA nuclear localization and activity in HNSCC cells. A, Representative immunofluorescence images of 
RELA localization in UMSCC1 and UMSCC47 cells. Cells were transfected with TTK siRNA or control siRNA for 72 hours, with TNFα (20 ng/mL) added 
for 30 minutes. DAPI was used as a nuclear counterstain. B, Quantification of percentage nuclear RELA from A. Data represent the percentage 
nuclear localization of RELA from 15 cells and were analyzed using ImageJ as previously (12). Bars represent means ± SD. C, UMSCC1 and 
UMSCC47 cells were treated with 20 nmol/L BAY1217389 (B389) for 24 hours. Cells were then analyzed for the percentage of phosphorylated histone 
H3 (Ser10), a marker of mitosis. D, NF-κB reporter activity after treatment with increasing doses of B389 in UMSCC1κB cells. Cells were treated with 
increasing doses of B389 or vehicle control for 24 hours, with TNFα (20 ng/mL) added for the final 16 hours. E, Representative immunofluorescence 
images of RELA localization in UMSCC1 and UMSCC47 cells. Cells were treated with B389 (20 nmol/L) or vehicle control for 6 hours, with TNFα (20 ng/ 
mL) added for 30 minutes. DAPI was used as a nuclear counterstain. F, Quantification of percentage nuclear RELA from E. Data represent the 
percentage nuclear localization of RELA from 15 cells and were analyzed using ImageJ as previously (12). All experiments are representative of at 
least three biological replicates. NS, not significant; ***, P < 0.001. 

AACRJournals.org Cancer Res Commun; 4(11) November 2024 2909 

G2/M and Kinetochore Genes as Regulators of NF-κB in HNSCC 

https://aacrjournals.org/


TNFα-induced NF-κB nuclear translocation and transcriptional activity 
in HNSCC cells. 

TTK inhibition enhances TNF sensitization in HNSCC 
cells 
We next assessed if TTK activity promotes TNF resistance in HNSCC cells. 
B389 alone significantly reduced cell viability in a dose-dependent manner; 
however, the combination of B389 and TNFα further reduced the viability in 
all cell lines compared with B389 alone (Fig. 5A). To determine if this 
combination was additive or synergistic, we calculated the CI (21). In 
UMSCC1 cells, the combination treatment was synergistic at each concen-
tration tested; in UMSCC47, synergism was observed at the higher con-
centrations (Fig. 5A; CI <1). Correspondingly, B389 significantly reduced 
cell growth and colony formation at doses that inhibited NF-κB activity, and 
this was further enhanced in the presence of TNFα (Fig. 5B and C; repre-
sentative images in Supplementary Fig. S7A). Similar results were obtained 
upon TTK depletion with two independent siRNAs (Fig. 5D and E; repre-
sentative images in Supplementary Fig. S7B). Additionally, TTK inhibition 
with B389 induced increasing apoptosis between early and later time points 
(24 and 72 hours posttreatment), which was significantly enhanced in 
combination with TNFα (Fig. 5F; representative images in Supplementary 
Fig. S7C). Similar results were obtained upon siRNA depletion of TTK 
(Fig. 5G; representative images in Supplementary Fig. S7D). Together, these 
data suggest that TTK activity promotes proliferation, survival, and TNF 
resistance in HNSCC cells. 

TTK inhibition induces mitotic abnormalities and 
genomic instability in combination with radiation 
treatment 
TTK plays a critical role in the SAC, and TTK inhibition can induce severe 
chromosome mis-segregation, polyploidy, and mitotic cell death (36, 38, 40, 
41). Consistent with its role at the G2/M checkpoint, TTK inhibition in-
creased the proportion of cells in the G2/M phase of the cell cycle, 24 hours 
posttreatment (Fig. 6A; Supplementary Table S5B). The proportion of sub- 
G1 DNA, indicating DNA fragmentation, was also increased upon TTK 
inhibition, and was enhanced in the presence of TNF, consistent with our 
previous data. Additionally, TTK inhibition increased the proportion of cells 
with >4N DNA, indicating the induction of polyploidy. By 72 hours, the 
proportion of cells with >4N DNA increased further, but this was not further 
enhanced in combination with TNF treatment (Fig. 6A; representative im-
ages in Supplementary Fig. S8A). Polyploidy is often induced because of 
mitotic abnormalities (42). As we observed an increase in polyploid cells, we 
looked at the mitotic cell population, as TTK inhibition can lead to mitotic 
exit and polyploidy (43). As expected, TTK inhibition decreased the per-
centage of mitotic cells compared with the control at 24 hours (Fig. 6B). 
However, by 72 hours, the number of mitotic cells increased in both cell 
lines, and this was only in cells with >4N DNA, consistent with failed mitotic 
checkpoint in TTK-inhibited cells (Fig. 6B). 

TNFα-dependent and radiation-induced cytotoxicity is attenuated by NF-κB 
activity in many cancers, including HNSCC (6, 44, 45). Furthermore, radi-
ation treatment can induce polyploidy and mitotic defects (46). As TTK 
inhibition reduced NF-κB activity and sensitized cells to TNFα-induced 
cytotoxicity, we assessed whether HNSCC cells could also be sensitized to 
radiation treatment by TTK inhibition. Cells were treated with B389 for 

1 hour, followed by exposure to increasing doses of radiation before clo-
nogenic survival was assessed. TTK inhibition enhanced the response to 
radiation treatment in a dose-dependent manner, with dose modification 
factor values ranging from 1.15 to 1.48 in UMSCC1 and 1.05 to 1.42 in 
UMSCC47 cells, respectively (Fig. 6C). Similar radiosensitization occurred 
upon TTK depletion, with a greater effect observed in HPV+ 

UMSCC47 cells, similar to that observed after B389 treatment (Supple-
mentary Fig. S9A). 

To investigate the mechanism of this further, we examined the DNA damage 
response (DDR) in cells treated with B389 and radiation. In control cells, 
ɣH2AX expression, a marker for DNA damage (47), was enhanced above 
control levels in both irradiated cells and in B389-treated cells (Fig. 6D; 
representative images in Supplementary Fig. S8B); however, combination- 
treated cells had higher levels of ɣH2AX expression in both cell lines when 
compared with either treatment alone. To examine the kinetics of DNA 
damage in TTK-inhibited cells, we performed a time course experiment and 
looked at ɣH2AX foci resolution. ɣH2AX foci peaked 30 minutes postirra-
diation and decreased to background levels by 24 hours (Fig. 6E). In con-
trast, TTK inhibition increased ɣH2AX expression under basal conditions 
and enhanced and prolonged ɣH2AX expression up to 24 hours postirra-
diation (Fig. 6E). These data suggest that TTK inhibition induced radio-
sensitization in HNSCC cells at least in part by impairing DNA damage 
repair. 

Decreased survival upon radiation treatment could possibly be enhanced by 
the induction of mitotic abnormalities induced upon TTK inhibition. We 
therefore treated cells with B389 with or without radiation treatment for 
24 hours and examined mitotic cells by confocal microscope for signs of 
mitotic defects. Radiation treatment led to an increase in mitotic defects, 
including lagging chromosomes and spindle defects (Fig. 6F; example images 
of mitotic defects are shown in Supplementary Fig. S10A, S10C, and S10D). 
B389 alone induced significant mitotic defects; combination treatment 
resulted in >90% of mitotic cells having defects. Similar results were obtained 
upon TTK depletion (Supplementary Fig. S9B). Finally, as mitotic defects 
and persistent DNA damage can lead to genomic instability, we looked at the 
formation of micronuclei, an indicator of genomic instability (48). TTK 
inhibition alone induced a significant proportion of cells having micronuclei, 
which was enhanced in combination with radiation treatment (Fig. 6G; 
example images of micronuclei in UMSCC1 cells are shown in Supple-
mentary Fig. S10B–S10D). Again, similar results were obtained upon TTK 
depletion (Supplementary Fig. S9C). These data together demonstrate that 
TTK inhibition radiosensitizes HNSCC cells through the accumulation of 
mitotic defects, significant DNA damage, and genomic instability. 

TTK expression correlates with survival in HNSCC 
To assess the potential clinical relevance of TTK in HNSCC, we assessed the 
expression levels using the TCGA database. Analysis of the TCGA HNSCC 
cohort demonstrated that TTK mRNA was expressed at significantly higher 
levels in HNSCC tumors than in normal tissue (Fig. 7A). Furthermore, TTK 
mRNA was expressed at higher levels in HPV+ tumors. TTK mRNA ex-
pression was significantly correlated with the gene copy number (Fig. 7B). 
We next investigated the relationship between TTK mRNA expression and 
patient survival. High TTK mRNA expression was significantly associated 
with worse PFS and OS in HPV� HNSCCs (Fig. 7C). However, in HPV+ 
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HNSCCs, TTK mRNA expression correlated with a better prognosis (sig-
nificant for PFS but not OS). Similar mRNA expression trends were observed 
in tumors from two other cohorts of patients with HNSCC (Fig. 7D). In 
confirmation of the transcriptomic results, we observed increased TTK 
protein expression in cancer tissue from the CPTAC database when com-
pared with normal oral tissue (Fig. 7E; ref. 49). In this dataset, high ex-
pression of TTK protein expression also trended toward worse PFS and OS, 
although this did not reach statistical significance, potentially due to the 
smaller sample size compared with the TCGA dataset (Fig. 7F). Finally, to 
ascertain if there was a prognostic association between TTK, radiosensitivity, 
and tumor stage in the TCGA HPV� and HPV+ HNSCC cohorts, we per-
formed a multivariate analysis (Fig. 7G). In HPV� tumors, the P value for 
TTK expression remains significant (0.013), with a HR ¼ 1.99, indicating a 
strong relationship between TTK expression and decreased survival. Inter-
estingly, the P value for adding radiotherapy is 0.014, with a HR ¼ 0.67, 
indicating a strong relationship between adding radiotherapy and decreased 
risk of death. Compared with surgery only, surgery and radiation reduces the 
hazard by a factor of 0.57, or 43%. As expected, the P value for stage is also 
significant (0.003), with a HR ¼ 1.83, indicating a very strong relationship 
between advanced stage and decreased survival. For HPV+ patients, the as-
sociation of TTK expression was borderline significant (P ¼ 0.058) with a 
HR ¼ 0.24, suggesting higher TTK expression is associated with decreased 
risk of death. When controlling for the other variables, the difference with 
addition of radiation (HR ¼ 0.78; P ¼ 0.62) or higher stage (HR 1.72; 
P ¼ 0.60) does not reach significance. Taken together, these data suggest that 
the expression of several mitotic kinases and kinetochore components is 
upregulated in HNSCC, particularly in the HPV+ subtype. Furthermore, we 
demonstrate that TTK has a differential relationship with survival dependent 
on HPV status, advanced tumor stage, and addition of radiotherapy. 

Discussion 
Here, overlapping kinome, DG, WG, and validation siRNA screens repro-
ducibly identified multiple candidate targets that significantly modulate TNFα- 
induced NF-κB activity and/or cell viability of an HNSCC reporter cell line. 
Pathway analyses revealed significant enrichment for components of canonical 
NF-κB signaling, as well as protein ubiquitination and other signal pathways 
previously associated with NF-κB activity, and unexpectedly, multiple candi-
dates linked to the kinetochore and G2/M cell-cycle checkpoint. A validation 
screen and further functional studies with independent siRNAs or pharma-
cologic inhibitors of G2/M kinases and structural components demonstrated 

reduced TNFα-induced NF-κB reporter activity and nuclear localization of 
RELA, suggesting these effects may be linked to RELA nuclear translocation, 
an essential step in activation of the canonical NF-κB pathway (50, 51). De-
tailed investigation of the mitotic kinase TTK demonstrated similar effects on 
NF-κB RELA translocation and activity, as well as cell viability, cell death, and 
TNFα resistance in both HPV� and HPV+ HNSCC cells. Furthermore, TTK 
inhibition significantly enhanced radiation genotoxicity, suggesting that TTK 
could be a potential therapeutic target in HNSCC. 

IKK/NF-κB signaling is a critical pathway that is aberrantly activated in many 
cancers including HNSCC, promoting expression of mediators of cell prolifer-
ation, survival, and therapeutic resistance (4–6, 44). Activation of this pathway 
promotes resistance to the effects of TNFα by inducing transcription of anti-
apoptotic genes, countering its role as an activator of cell death pathways (4–6, 
44). Furthermore, NF-κB promotes resistance to radio-, chemo-, and immune 
checkpoint therapy, which are often used in the treatment of HNSCC. These 
therapies also result in significant DNA damage and genotoxic stress that can 
induce activation of cell-cycle checkpoint pathways that function to arrest the cell 
cycle at G2, allowing DNA repair before cells with lethal DNA damage undergo 
mitosis. G2/M cell-cycle control is thus a critical mechanism to maintain genome 
integrity, cell division, and viability (52). The expression or function of cell-cycle 
components is often deregulated in cancer cells and therefore represent potential 
therapeutic targets. 

Recently, we demonstrated that one of the targets identified in our RNAi 
screening, the G2/M checkpoint kinase WEE1, promotes TNFα-induced co- 
activation of canonical IKKα/β, nuclear translocation of RELA, and NF-κB 
transactivation, as well as TNFα-induced phosphorylation of known 
WEE1 target CDC2, identifying a novel role of TNFα in co-activation of these 
kinases mediating G2/M cell-cycle arrest and of NF-κB prosurvival signaling in 
HNSCC (5). Here, we present the wider result from our RNAi screening and 
functional studies, indicating that knockdown of other G2/M checkpoint kinases 
(PLK1, AURKA, TPR, and TTK), and even structural kinetochore components 
(NUF2 and NDC80) or microtubule subunit tubulin (TUBA1B), can also inhibit 
TNFα-induced NF-κB reporter gene activity, RELA nuclear translocation, and 
cell viability in HNSCC. Our additional functional studies, indicating the role of 
several of these G2/M kinases and structural kinetochore components in TNFα- 
induced nuclear localization of RELA, are consistent with prior studies of indi-
vidual G2/M targets, in which inhibition of PLK1 (30, 35), AURKA (31, 33, 34), 
microtubule assembly (29, 32), and other kinases that disrupt the G2/M 
checkpoint (43) also affect the activation of IKK/NF-κB signaling via multiple 
mechanisms (37). 

(Continued) after 24 hours. For nonirradiated samples, cells were treated with vehicle or B389 (20 nmol/L) for 24 hours before analysis. Data are 
presented as the relative MFI compared with the nonirradiated control samples. E, left, Representative immunofluorescence images of γH2AX foci in 
UMSCC1 and UMSCC47 cells after treatment with B389 (20 nmol/L) and/or radiation. Cells were treated with B389 (20 nmol/L) for 2 hours before 
irradiation. Cells were then analyzed for γH2AX foci by immunofluorescence analysis at the indicated time points. For nonirradiated samples, cells 
were treated with vehicle or B389 (20 nmol/L) for 24 hours before analysis. DAPI was used as a nuclear counterstain. Scale bar, 10 μmol/L (right). 
Quantification of γH2AX foci. For each condition, foci from at least 200 cells were counted. F, Cells were treated as in D. After 24 hours, mitotic cells 
were analyzed by confocal microscopy for the appearance of mitotic aberrations. Cells were probed for phosphorylated histone H3 (Ser10) and 
α-tubulin, and DAPI was used as a nuclear counterstain. The percentage of each type of mitotic aberrations is presented from at least 30 individual 
cells from duplicate experiments. G, Cells were treated as in D. After 24 hours, cells were analyzed by confocal microscopy for the appearance of 
micronuclei using DAPI as a nuclear counterstain. The percentage of cells with 0, 1, 2, or ≥3 associated micronuclei is presented at least 
200 individual cells from duplicate experiments. Bars represent means ± SD. All experiments are representative of at least three biological replicates, 
except (F and G), which are from duplicate experiments. *, P < 0.05; **, P < 0.01; ***, P < 0.001. NS, not significant; MFI, median fluorescence intensity; 
propidium iodide; DMF, dose modification factor, XRT, X-ray therapy. 
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Previous screening studies have suggested that G2/M components are 
deregulated and potentially important in the pathogenesis and therapeutic 
targeting of HNSCC and other cancers (53, 54). HNSCCs are genomically 
unstable, and this may make them especially vulnerable to therapeutics that 
together target NF-κB–induced antiapoptotic mechanisms and the G2/M 
checkpoint, which is essential in HNSCC due to loss of the G1 checkpoint by 
mutation or HPV-mediated degradation of TP53. The activity of individual 
PLK1, AURKA, and WEE1 inhibitors observed in both HPV+ and HPV�

HNSCCs, both alone and in combination with chemoradiation, has been 
primarily attributed to cell-cycle arrest and aberrant mitoses (53, 55–57). 
Furthermore, several large-scale screens have identified the G2/M checkpoint 
and associated genes as critical in cell viability alone or in combination with 
chemotherapy in HNSCC (53, 54, 58). However, the link shown between 
WEE1 (5) and herein between TTK and multiple components of the G2/M 
checkpoint, with NF-κB translocation and activity, and TNF- and radio-
resistance, has not been previously established. 

Here, we chose to focus our experiments on TTK, a critical kinase that is a 
key regulator of the mitotic SAC. TTK-dependent SAC activation contrib-
utes to the maintenance of genome stability by delaying chromosome seg-
regation until chromosomes are properly attached to the mitotic spindle in 
metaphase (38). Once this is achieved, TTK is inactivated, and cells progress 
to anaphase. As a result, inhibition of TTK leads to the inactivation of the 
SAC and results in premature chromosome segregation, leading to aneu-
ploidy, genomic instability, and cell death (40, 41, 43). Several studies have 
identified TTK and its effects on G2/M as an attractive target in cancer, 
including in HNSCC (53, 54, 58). As such, several small molecule inhibitors 
have been developed (59). 

Our data demonstrate that HNSCC cells are highly sensitive to TTK inhi-
bition with low nanomolar concentrations of BAY1217389, a potent TTK 
inhibitor currently in early phase I studies in combination with paclitaxel 
(39). Treatment with TTK inhibitor alone (or TTK depletion) resulted in a 
significant decrease in proliferation, accumulation of cells in G2/M of the cell 
cycle, and subsequently high levels of aneuploidy and cell death. This is likely 
due to the induction of significant DNA damage, mitotic aberrations, and the 
appearance of micronuclei, a marker of genomic instability. However, our 
data demonstrate both that TTK inhibition alone results in unrepaired DNA 
damage foci, 24 hours posttreatment, and induces DNA damage itself, as 
well as in combination with radiation. This suggests that TTK may play a 
role in DNA damage repair, but further studies are required to directly assess 
this. Interestingly, the effects of TTK inhibition were further enhanced with 
the addition of TNFα, suggesting that TTK activity contributes to TNF 
resistance in HNSCC cells. Additionally, TTK inhibition sensitized HNSCC 
cells to the effects of radiation, resulting in further genomic instability and a 
decrease in cell survival. Most likely, this is due in large part to the increase 
in cells in the G2/M stage of the cell cycle, in which cells have been shown to 
be more radiosensitive (60, 61). As TTK inhibition alone leads to significant 
DNA damage, combination with radiotherapy may also lead to the DDR 
being overwhelmed, resulting in a failure to repair DNA damage. Together, 
these data suggest that targeting TTK may be beneficial in enhancing sen-
sitivity of HNSCC to radiotherapy. 

Our data also demonstrated that TTK inhibition decreased the number of 
mitotic cells at 24 hours but increased the number of mitotic cells at 
72 hours, specifically those with >4N DNA, consistent with a failed mitotic 

checkpoint. This data suggest that TTK inhibitors are primarily effective in 
highly proliferative cells; alternatively, it may also be related to the time 
required for most cells at different phases of the cell cycle to progress and 
cumulatively undergo sufficient damage in G2/M (and cells containing >4N) 
and subsequent cell death. Therefore, further clinical studies of the phar-
macokinetics and pharmacodynamics of TTK inhibitors in tumors could 
have clinical implications for the scheduling of concurrent or sequential 
treatment combinations. 

Although both HPV� and HPV+ HNSCC cells exhibited sensitivity to TTK 
inhibition and TNFα, patients with HNSCC that received standard surgery or 
surgery plus radiation treatment in TCGA displayed a differential survival out-
come based on TTK expression and HPV status. In multivariate analysis, in 
HPV� HNSCCs, high TTK expression correlated with worse survival, whereas 
the outcome was improved with addition of radiation and surgery, consistent 
with the potential importance of TTK in radiation sensitization. The inverse 
relationship between TTK expression and survival in HPV+ HNSCCs 
approached but did not quite reach significance, possibly due to smaller sample 
size. This differing relationship between TTK and survival by HPV status is 
similar to what we observed with WEE1, in which high expression in HPV�

HNSCCs was also associated with previously defined clusters lacking immune 
signatures, which would also be predicted to respond poorly to standard treat-
ment or immune checkpoint blockade (5, 62). In contrast, HPV+ HNSCCs with 
high WEE1 expression and better survival were observed to associate with copy 
number alterations/mutations in TRAF3 and/or CYLD, suppressors of NF-κB 
activation, whose loss was previously associated with increased NF-κB–related 
inflammatory signatures and better prognosis (63, 64). It would be of interest to 
see if TTK expression is similarly linked to immune or other gene signatures and 
if this could potentially explain the differences in survival of patients with 
standard therapy alone, as we previously observed for expression of WEE1. 

TCGA data indicate that the expression of the six G2/M targets studied here 
is higher in HPV+ HNSCC s when compared with HPV� HNSCCs. The 
reasons behind this are unclear; however, it has been previously demon-
strated that HPV+ HNSCCs have higher expression of mitotic and DNA 
damage genes (5, 65, 66). Furthermore, the HPV oncogenes E6 and 
E7 induce chronic oncogene–induced replication stress and dysregulate the 
DDR, which make them more susceptible to drugs that target replication 
stress and homologous recombination repair (67, 68). In line with this, 
several studies have demonstrated increased sensitivity to TTK inhibition in 
tumors with high levels of genomic instability (40, 43, 69, 70). 

Taken together, our experimental and bioinformatic analyses suggest that 
several G2/M checkpoint and kinetochore components play a key role in 
regulating prosurvival NF-κB activity and promoting TNF resistance in 
HNSCC. Furthermore, our study highlights the mitotic kinase TTK as a 
potential therapeutic target in HNSCC, of potentially high significance in 
patients with HPV� tumors and receiving radiotherapy. Because of the 
potential role of TTK in TNF-induced NF-κB prosurvival, subsequent pre-
clinical and clinical studies are warranted to identify a possible role in 
combination with chemo-, radio-, or immune therapy. 
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15. Hahn M, Macht A, Waisman A, Hövelmeyer N. NF-κB-inducing kinase is es-
sential for B-cell maintenance in mice. Eur J Immunol 2016;46:732–41. 

16. Ramadass V, Vaiyapuri T, Tergaonkar V. Small molecule NF-κB pathway in-
hibitors in clinic. Int J Mol Sci 2020;21:5164. 

17. Brenner JC, Graham MP, Kumar B, Saunders LM, Kupfer R, Lyons RH, et al. 
Genotyping of 73 UM-SCC head and neck squamous cell carcinoma cell lines. 
Head Neck 2010;32:417–26. 

2916 Cancer Res Commun; 4(11) November 2024 https://doi.org/10.1158/2767-9764.CRC-24-0274 | CANCER RESEARCH COMMUNICATIONS 

Morgan et al. 

https://aacrjournals.org/cancerrescommun/
https://dx.doi.org/10.1158/2767-9764.CRC-24-0274


18. Cheng H, Yang X, Si H, Saleh AD, Xiao W, Coupar J, et al. Genomic and 
transcriptomic characterization links cell lines with aggressive head and neck 
cancers. Cell Rep 2018;25:1332–45.e5. 

19. König R, Chiang C-Y, Tu BP, Yan SF, DeJesus PD, Romero A, et al. A probability- 
based approach for the analysis of large-scale RNAi screens. Nat Methods 
2007;4:847–9. 

20. Marine S, Bahl A, Ferrer M, Buehler E. Common seed analysis to identify off- 
target effects in siRNA screens. SLAS Discovery 2012;17:370–8. 

21. Chou T-C. Theoretical basis, experimental design, and computerized simula-
tion of synergism and antagonism in drug combination studies. Pharmacol 
Rev 2006;58:621–81. 

22. Chung N, Zhang XD, Kreamer A, Locco L, Kuan P-F, Bartz S, et al. Median 
absolute deviation to improve hit selection for genome-scale RNAi screens. J 
Biomol Screen 2008;13:149–58. 

23. Bancroft CC, Chen Z, Yeh J, Sunwoo JB, Yeh NT, Jackson S, et al. Effects of 
pharmacologic antagonists of epidermal growth factor receptor, PI3K and 
MEK signal kinases on NF-kappaB and AP-1 activation and IL-8 and VEGF 
expression in human head and neck squamous cell carcinoma lines. Int J 
Cancer 2002;99:538–48. 

24. Steinbrecher KA, Wilson W III, Cogswell PC, Baldwin AS. Glycogen synthase 
kinase 3beta functions to specify gene-specific, NF-kappaB-dependent tran-
scription. Mol Cell Biol 2005;25:8444–55. 

25. Freudlsperger C, Bian Y, Contag Wise S, Burnett J, Coupar J, Yang X, et al. TGF-β and 
NF-κB signal pathway cross-talk is mediated through TAK1 and SMAD7 in a subset of 
head and neck cancers. Oncogene 2013;32:1549–59. 

26. Ma B, Hottiger MO. Crosstalk between wnt/β-catenin and NF-κB signaling 
pathway during inflammation. Front Immunol 2016;7:378. 

27. Quan XX, Hawk NV, Chen W, Coupar J, Lee SK, Petersen DW, et al. Targeting 
Notch1 and IKKα enhanced NF-κB activation in CD133+ skin cancer stem cells. 
Mol Cancer Ther 2018;17:2034–48. 

28. Tsherniak A, Vazquez F, Montgomery PG, Weir BA, Kryukov G, Cowley GS, 
et al. Defining a cancer dependency map. Cell 2017;170:564–76.e16. 

29. Jackman RW, Rhoads MG, Cornwell E, Kandarian SC. Microtubule-mediated 
NF-kappaB activation in the TNF-alpha signaling pathway. Exp Cell Res 2009; 
315:3242–9. 

30. Hu J, Wang G, Liu X, Zhou L, Jiang M, Yang L. Polo-like kinase 1 (PLK1) is 
involved in toll-like receptor (TLR)-Mediated TNF-α production in monocytic 
THP-1 cells. PLoS One 2013;8:e78832. 

31. Mazzera L, Lombardi G, Abeltino M, Ricca M, Donofrio G, Giuliani N, et al. 
Aurora and IKK kinases cooperatively interact to protect multiple myeloma 
cells from Apo2L/TRAIL. Blood 2013;122:2641–53. 

32. Rai A, Kapoor S, Singh S, Chatterji BP, Panda D. Transcription factor NF-κB as-
sociates with microtubules and stimulates apoptosis in response to suppression of 
microtubule dynamics in MCF-7 cells. Biochem Pharmacol 2015;93:277–89. 

33. Wei T-YW, Wu P-Y, Wu T-J, Hou H-A, Chou W-C, Teng C-LJ, et al. Aurora A and 
NF-κB survival pathway drive chemoresistance in acute myeloid leukemia via 
the TRAF-interacting protein TIFA. Cancer Res 2017;77:494–508. 

34. Hong O-Y, Kang SY, Noh E-M, Yu H-N, Jang H-Y, Kim S-H, et al. Aurora kinase A 
induces migration and invasion by inducing epithelial-to-mesenchymal tran-
sition in colon cancer cells. BMB Rep 2022;55:87–91. 

35. Gao Z, Zheng C, Xing Y, Zhang X, Bai Y, Chen C, et al. Polo-like kinase 1 
promotes sepsis-induced myocardial dysfunction. Int Immunopharmacol 
2023;125:111074. 

36. Cescon DW, Hansen AR, Razak ARA, Stayner LA, Hilton JF, Renouf DJ, et al. 
Phase I study of CFI-402257, an oral TTK inhibitor, in patients with advanced 
solid tumors. J Clin Oncol 2017;35(Suppl 15):TPS2619. 

37. Suski JM, Braun M, Strmiska V, Sicinski P. Targeting cell-cycle machinery in 
cancer. Cancer Cell 2021;39:759–78. 

38. Pachis ST, Kops GJPL. Leader of the SAC: molecular mechanisms of Mps1/TTK 
regulation in mitosis. Open Biol 2018;8:180109. 

39. Atrafi F, Boix O, Subbiah V, Diamond JR, Chawla SP, Tolcher AW, et al. A phase 
I study of an MPS1 inhibitor (BAY 1217389) in combination with paclitaxel using 
a novel randomized continual reassessment method for dose escalation. Clin 
Cancer Res 2021;27:6366–75. 

40. Mason JM, Wei X, Fletcher GC, Kiarash R, Brokx R, Hodgson R, et al. Functional 
characterization of CFI-402257, a potent and selective Mps1/TTK kinase in-
hibitor, for the treatment of cancer. Proc Natl Acad Sci U S A 2017;114:3127–32. 

41. Chan CY-K, Chiu DK-C, Yuen V-WH, Law C-T, Wong BP-Y, Thu KL, et al. CFI- 
402257, a TTK inhibitor, effectively suppresses hepatocellular carcinoma. Proc 
Natl Acad Sci U S A 2022;119:e2119514119. 

42. Gjelsvik KJ, Besen-McNally R, Losick VP. Solving the polyploid mystery in 
Health and disease. Trends Genet 2019;35:6–14. 

43. Soria-Bretones I, Thu KL, Silvester J, Cruickshank J, El Ghamrasni S, Ba-alawi 
W, et al. The spindle assembly checkpoint is a therapeutic vulnerability of 
CDK4/6 inhibitor–resistant ER+ breast cancer with mitotic aberrations. Sci Adv 
2022;8:eabq4293. 

44. Zhang J, Chen T, Yang X, Cheng H, Späth SS, Clavijo PE, et al. Attenuated 
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