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Deregulation of cell cycle is a typical feature of cancer cells. Normal cells rely on the
strictly coordinated spindle assembly checkpoint (SAC) to maintain the genome integ-
rity and survive. However, cancer cells could bypass this checkpoint mechanism. In this
study, we showed the clinical relevance of threonine tyrosine kinase (TTK) protein
kinase, a central regulator of the SAC, in hepatocellular carcinoma (HCC) and its
potential as therapeutic target. Here, we reported that a newly developed, orally active
small molecule inhibitor targeting TTK (CFI-402257) effectively suppressed HCC
growth and induced highly aneuploid HCC cells, DNA damage, and micronuclei for-
mation. We identified that CFI-402257 also induced cytosolic DNA, senescence-like
response, and activated DDX41-STING cytosolic DNA sensing pathway to produce
senescence-associated secretory phenotypes (SASPs) in HCC cells. These SASPs subse-
quenty led to recruitment of different subsets of immune cells (natural killer cells,
CD4™" T cells, and CD8" T cells) for tumor clearance. Our mass cytometry data illus-
trated the dynamic changes in the tumor-infiltrating immune populations after treat-
ment with CFI-402257. Further, CFI-402257 improved survival in HCC-bearing mice
treated with anti-PD-1, suggesting the possibility of combination treatment with
immune checkpoint inhibitors in HCC patients. In summary, our study characterized
CFI-402257 as a potential therapeutic for HCC, both used as a single agent and in
combination therapy.
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Hepatocellular carcinoma (HCC), a malignancy originating from hepatocytes, is the
fifth-most common cancer worldwide and accounts for 80% of primary liver cancers.
Symptom presentation occurs at late stages for most HCC patients. Most patients are
therefore not suitable for the most curative treatment, surgical resection or liver trans-
plantation. HCC has a high recurrent rate and is refractory to conventional chemo-
therapies. The survival rate of HCC patients is only 10%, and HCC remains the
second-most leading cause of cancer death worldwide. Sorafenib, lenvatinib, and com-
bined treatment of bevacizumab (vascular endothelial growth factor [VEGEF] inhibitor)
and atezolizumab (immune checkpoint inhibitor [ICI] which targets programmed
death-ligand 1 [PD-L1]) are currently the Food and Drug Administration (FDA)-
approved targeted therapeutic agent for advanced HCC patients (1-4). However, these
treatments prolong the lifespan of HCC patients for only 3—7 mo (2). Regorafenib and
nivolumab (ICI targeting programmed death 1 [PD-1]) were approved by FDA as
second-line treatments (5, 6). The effects of these targeted therapies are still far from
satisfactory. Knowledge on the underlying molecular mechanisms in HCC is necessary
for the advancement of effective therapeutic regimens for HCC patients.

Cancer genomes are unstable, and cancer cells have aberrant cell-cycle control allow-
ing them to proliferate infinitely (7). Consequently, abnormal number of chromo-
somes, polyploidy (entire set of chromosomes) or aneuploidy (certain chromosomes), is
found in 70-95% of human cancers (7). Abnormal chromosome number was tradi-
tionally believed to be a cause of cancer (7). However, cancer cells also acquire ability
to endure poly/aneuploidy. The mitotic checkpoint, also called the spindle assembly
checkpoint (SAC), ensures accurate chromosome segregation in mitosis. Targeting
SAC proteins might result in high level of genomic instability and poly/aneuploidy to
an extent even cancer cells could not tolerate causing senescence and apoptosis and
thus is considered an attractive strategy against cancer (7). Multiple SAC proteins are
frequently over-expressed in human cancers (7). The SAC proteins include BUBs,
MADs, and threonine tyrosine kinase (TTK) which is also known as multipolar spindle
1 (MPS1) (8). TTK recruits other SAC proteins to unattached kinetochores in prome-
taphase to activate SAC-associated arrest (8). TTK-mediated SAC arrest is mainly
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Significance

Hepatocellular carcinoma
treatments available currently can
only prolong the survival of patients
for a few months and show a low
response rate. Therapeutics that
could provide more durable tumor
suppression effect are needed. In
this study, we characterized CFI-
402257, a small molecule inhibitor
targeting threonine tyrosine kinase
(TTK), as a potential therapeutic
drug in hepatocellular carcinoma.
CFl-402257 disabled spindle
assembly checkpoint, induced
cytosolic DNA, activated stimulator
of interferon genes (STING)
pathway, and stimulated cytokines
production in hepatocellular
carcinoma cells, which would
further promote anti-tumor
immunity against hepatocellular
carcinoma. Here, we demonstrate
CFl-402257 is a potent therapeutic
for hepatocellular carcinoma
treatment, which targets
hepatocellular carcinoma cells
directly by inhibiting cell-cycle
checkpoint functioning and
indirectly by recruiting immune cells
from the tumor-microenvironment.
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through the inhibition of APC/C-CDC20 which would other-
wise degrade securin and cyclin B to promote the progression
of mitosis (8). Upregulation of TTK is found in bladder, thy-
roid, breast, lung, esophageal, and prostate cancers, as well as
HCC (7, 9, 10). Upregulation of TTK is associated with poorer
prognosis in glioblastoma (11). Inhibition of TTK resulted in cells
with premature exit of mitosis with mis-segregated chromosomes
(7). TTK inhibitors, NMS-P715 and MPI-0479605, suppressed
the growth of ovarian and colorectal cancer xenografts in
immune-deficient mice (12, 13); while another two TTK inhibi-
tors, MPS-BAY2b and MPS-IN-3, synergized with ant-mitotic
drugs paclitaxel and vincristine to inhibit growth of cervical cancer
and glioblastoma xenografts in immune deficient mice (11, 14).

While a number of TTK inhibitors have entered clinical trials
for advanced cancer patients (BAY 1161909, ClinicalTrials.gov
identifier: NCT02138812; BAY 1217389, ClinicalTrials.gov
identifier: NCT02366949), investigations on more specific TTK
inhibitors with lower toxicity are actively underway. Recently, our
drug discovery program for TTK inhibitors involving scaffold
hopping exercise has identified an orally bioavailable TTK inhibi-
tor, CFI-402257, with extremely high specificity, selectivity, and
potency (15, 16). The TTK concentration that inhibits response
by 50% (ICsp) and TTK X of CFI-402257 are 1.7 nM and 0.1
nM, respectively (15, 16). Cell-cycle analysis showed that CFI-
402257 effectively induced polyploidy (8N and 16N) in
HCT116 human colon cancer cells (15, 16). The growth inhibi-
tory 50 (Glsq) of CFI-402257 in colon, ovarian, and breast can-
cer cells are 15 nM, 30 nM, and 160 nM, respectively (15, 16).
CFI-402257 remarkably suppressed the growth of HCT116-
derived colon cancer in immune deficient mice (16). Toxicology
study showed that CFI-402257 has no signs of overt toxicity in
rodents and dogs (16). Given the promising results of CFI-
402257 in other preclinical cancer models, studies to evaluate its
efficiency and efficacy in HCC are awaited.

Here, we characterized a highly potent and selective TTK
inhibitor, CFI-402257, as a potential targeted therapy for HCC.
TTK is overexpressed in human HCC. We hypothesized that tar-
geting TTK would impair proper cell division and elevate poly/
aneuploidy to an intolerable level that adversely halts HCC cell
division and growth. Our data showed that TTK inhibitor would
induce aneuploidy and senescence in HCC cells. The SASPs were
elicited through DDX41-STING cytosolic DNA sensing pathway
to promote tumor infiltrations of T cells, natural killer (NK) cells
and other immune cells for tumor clearance. CFI-402257 also
synergized with anti-PD-1 therapy to prolong survival. Our study
will greatly facilitate the development of effective therapeutic regi-

mens for HCC.

Results

TTK Overexpression Is Associated with Poor Prognosis in Human
HCC. To understand the clinical relevance of TTK in human
HCC, we evaluated the expressions of TTK in HCC tissues
and their paired nontumorous liver (NT) tissues from the
in-house HKU-QMH cohort at messenger RNA (mRNA) level
by transcriptome sequencing (Fig. 14) and quantitative real-
time PCR (qPCR) (Fig. 1B). TTK was upregulated in 90%
(54/60 cases) of the HCC patients by at least two-fold. The
upregulation was further confirmed at the protein level by
immunohistochemistry (IHC) (Fig. 1C). Transcriptome
sequencing data of our HCC and NT tissues were subjected to
Gene Ontology (GO) analysis. We examined the expression
correlation between TTK and other genes by our in-house
RNA sequencing (RNA-seq) data by Spearmen correlation
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analysis. GO analysis revealed that TTK coexpressed genes (7 <
0.6) were significantly enriched in pathways involved in mitosis
and cell division, suggesting a possible function of TTK in
HCC (Fig. 1D). We further confirmed our study to a larger
patient cohort from The Cancer Genome Atlas (TCGA) data-
base. Consistently, TTK was significantly overexpressed (Fig.
1E) and high TTK expression was associated with poor overall
and disease-free survival in human HCC (Fig. 1£). In addition,
TTK was overexpressed in different solid tumor types, suggest-
ing its importance in cancer progression (S/ Appendix, Fig. S1).
Further, OncoPrint analysis showed that TTK over-expression
was the most significantly associated with mutations and dele-
tions in TP53 and PTEN, the two commonly altered tumor
suppressor genes and negative cell-cycle regulators (Fig. 1G).
Higher TTK expression was also associated with poorer prog-
nosis in TP53-mutated HCC cohort (S Appendix, Fig. S2A
and Table S1). In addition, overexpression of two other cell-
cycle regulators (CDC20 and AURKA) showed the same result
(81 Appendix, Fig. S2B).

TTK Promotes HCC Growth by Maintaining Proper Cell-Cycle
Progression. To study the role of TTK in HCC development,
we generated stable TTK knockdown clones in a luciferase-
labeled human HCC cell line MHCCY7L using short hairpin
RNA (shRNA) knockdown approach (Fig. 2A4). Knockdown of
TTK induced chromosome mis-segregation as it functions as a
SAC protein (17) and it would further increase DNA damage, as
indicated by the marker YH2A.X in immunofluorescent staining
(Fig. 2B). We implanted the TTK knockdown clones (sh12 and
sh20) and the paired nontarget control (NTC) into BALB/
cAnN-nu mice orthotopically and NOD-SCID mice by tail vein
injection. TTK knockdown significanty reduced tumor sizes
in vivo (Fig. 2C) and incidence of lung metastasis (Fig. 2D).
CFI-402257 is an orally active, highly selective small mole-
cule inhibitor for Mps1/TTK (18), and it is currently in phase
2 clinical trial for advanced solid tumors (ClinicalTrials.gov
identifier: NCT02792465). CFI-402257 suppressed HCC cell
proliferation dose-dependently (Fig. 2E) and induced HCC
apoptosis (Fig. 2F). Further, we observed that HCC cell lines
(Hep3B, Huh7, MHCC97L, PLC/PRF/5, and Hepal-6) were
more sensitive to CFI-402257 than normal hepatocytes (MIHA),
as indicated by their lower Glso values (Fig. 2G). We profiled
the chromosome content in HCC cells cultured with CFI-
402257, and TTK inhibition led to increased proportion of
cells with aneuploids in MHCC97L (Fig. 2H) and other HCC
cell lines (87 Appendix, Fig. S3). A majority of the CFI-402257-
treated cells showed ploidy at >2N and >4N level. Taken
together, TTK promoted HCC growth by regulating proper
cell-cycle propagation and ensuring chromosome segregation

fidelity.

CFI1-402257 Effectively Suppresses HCC Growth and Metastasis
In Vivo. We further investigated the therapeutic potential of
CFI-402257 using different mouse HCC models. We implanted
MHCC97L in BALB/cAnN-nu mice orthotopically. After 2 wk
of implantation when tumors were formed, CFI-402257 or vehi-
cle control (Ctrl) was administered to mice orally. Notably, TTK
inhibition by CFI-402257 shrank HCC tumors (Fig. 34 and S/
Appendix, Fig. S4 A-CO) and reduced lung metastasis (Fig. 3B).
Previously, we identified TTK over-expression is closely associated
with TP53 mutation/deletion in human HCC. To generate a
mouse model that resembles the genetic makeup of human HCC,
we introduced CRISPR/Cas9 system to knockout 7753 and

a transposon system expressing C-Myc into immunocompetent
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Fig. 1. Clinical significance of TTK upregulation in human HCC. (A) Representative pictures of raw aligned sequencing read obtained from transcriptome
sequencing comparing TTK mRNA expression in HCC and the corresponding NT tissues of our cohort of patients (HKU-QMH). FPKM, fragments per kilobase
of exon per million reads. (B) Left: TTK mRNA expression in 60 cases of paired HCC and NT tissues was evaluated by RT-qPCR. TTK mRNA expression is calcu-
lated based on the following equation: 2” - (CTtrx - CT1gs). Right: Waterfall plot showed that TTK expression was upregulated in 54/60 (90%) of HCC patients
by at least twofold. Patients were from the HKU-QMH cohort. (C) TTK protein expression in a representative case of HCC and the corresponding NT tissues.
(D) GO study using our in-house transcriptome sequencing data showed that TTK upregulation was associated with enrichment of pathways involved in
mitosis and cell division. (E) TCGA database showed that TTK was over-expressed in 49 HCC patients. (F) TCGA database revealed that TTK upregulation was
correlated with shorter overall and disease-free survival. Patients with TTK mRNA expression >1 SD of TTK mean value in HCC tissues were categorized into
TTK high group. Survival curves were plotted based on the TTK mRNA values from over 300 HCC patients in TCGA database. (G) High TTK expression
was associated with p53 or PTEN mutations and deletions in >400 HCC patients from TCGA. (B, E, and G) Paired t test, F-Kaplan Meier, and log-rank test.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

C57BL/6  mice through hydrodynamic tail vein injection
(HDTVi) (SI Appendix, Fig. S4 D and E). After 3 wk when the
tumors were formed post-HDTVi (19), we administered the
mice with CFI-402257 or Ctrl. After 17 d of treatment, mice
were subjected to a magnetic resonance imaging (MRI) scan
which showed a significant shrinkage of tumors (Fig. 3C and S/
Appendix, Fig. S4F). After 21 d of treatment, we killed the mice
and clearly confirmed that CFI-402257 significantly reduced the
size of Trp53K O/MyCOE HCC tumors (Fig. 3D) without adverse
toxicity, as shown by no significant change in the body weight
and hematoxylin/eosin staining of liver tissues (SI Appendix,
Fig. $4 G'and H).

In conjunction, we established stable TP53 knockdown
MHCC97L clones and observed that TP53-knockdowns sensi-
tized HCC cells toward CFI-402257 inhibition, suggesting
rationale for using CFI-402257 in human HCC with TP53
mutations (S Appendix, Fig. S5). Collectively, these data indi-
cated that CFI-402257 is a potent suppressor of HCC tumor

in vivo.

CFI-402257 Induces Senescence-like Response and SASP Secretion
in HCC. Inhibition of TTK by CFI-402257 induced aneuploidy
after abolishing SAC protection resulting in chromosome mis-
segregation. By deactivating SAC, the kinetochore—microtubule
attachment during mitosis is unchecked, and the emergence of

PNAS 2022 Vol. 119 No.32 2119514119

unattached kinetochores leads to unequal chromosome segregation
and formation of micronuclei (20, 21). Nuclear staining revealed
the formation of micronuclei in human HCC cells after CFI-
402257 treatment (Fig. 4A). Further, CFI-402257 treatment
increased DNA damage, another consequence of lacking a func-
tional SAC (17), thus echoing the effect of TTK knockdown as
shown previously (Fig. 4B). CFI-402257 triggered micronuclei
formation by disrupting chromosome segregation process. Further-
more, the nuclear envelop of micronuclei is vulnerable to rupture
and therefore causes leakage of double-stranded DNA to cytosol,
activating cellular DNA sensing pathway (22, 23). We found that
CFI1-402257 also increased cytosolic DNA in HCC cells (Fig. 40).
We hypothesized that the loss of tension at kinetochores for chro-
mosome biorientation at mitosis, together with accumulation of
irreparable DNA damage would lead to senescence. To substanti-
ate our hypothesis, we assayed the senescence-like response in
HCC cells by senescence-associate-B-galactosidase staining and
found that CFI-402257 induced senescence broadly (Fig. 4D).
The expressions of CCL2, interleukin (IL)-la, and IL-1p, the
representative senescence-associated secretory phenotype (SASP)
markers, were upregulated by CFI-402257 (SI Appendix, Fig. S6
A-C). Increased secretions of CCL2 and IL-1P were observed in
cells treated with CFI-402257 (Fig. 4E). To profile the expres-
sions of SASP more comprehensively, transcriptome sequencing
was performed. The result identified that expressions of 76/104
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Fig. 2. Knockdown (KD) of TTK and CFI-402257, a TTK inhibitor, suppressed HCC growth. (A) Establishment of TTK-KD cells in MHCC97L using shRNA
approach. RT-gPCR and Western blots showed the KD efficiency of MHCCI7L cells expressing shRNAs targeting TTK or nontarget control (NTC). (B) Immuno-
fluorescent imaging of TTK-KD cells in MHCC97L. Blue, DAPI; green, yH2A.X. (C) Luciferase-labeled TTK-KD and control MHCC97L cells were inoculated into
the livers of BALB/cAnNN-nu mice. Left: mice were subjected to Xenogen imaging. Right: livers were harvested and tumor size was measured by caliper.
(D) Luciferase-labeled TTK-KD and control MHCC97L cells were injected into NOD-SCID mice through tail-veil. Lungs were harvested for ex vivo imaging for
lung metastases. () MHCCI7L cells were treated with escalating doses of CFI-402257 or vehicle control (Ctrl). Cell numbers were recorded daily.
(F) MHCCI7L cells were treated with 100 nM and 500 nM CFI-402257, a TTK inhibitor, or Ctrl for 48 h and subjected to Annexin V and propidium iodide (PI) stain-
ing. (G) XTT assay was performed with different doses of CFI-402257 for 5 d in a panel of HCC cell lines and a normal hepatic cell line, MIHA. Glso was determined.
(H) MHCCI7L cells were synchronized by double thymidine treatment at G1 phase (0-h timepoint). Cells were released in the presence of 1 uM CFI-402257 or Ctrl
at different time points. Cell-cycle profiles were determined by PI staining. Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

SASP genes (24) were induced by CFI-402257, and data of the
top 29 significantly upregulated genes were shown, including
the markers we mentioned (Fig. 4F and S/ Appendix, Fig. S6C).
The induction of senescence and SASP genes were also validated
in vivo (81 Appendix, Fig. S6D). To further test if cytosolic DNA
is important for the upregulation of SASPs, we first generated
stable clones overexpressing a cytoplasmic DNase named 3’ repair

https://doi.org/10.1073/pnas.2119514119

exonuclease 1 (TREX1) (MHCC97L-dCas9-sg2 and sg3) and the
paired empty vector (ev) control (MHCC97L-dCas9-ev) (25) in
HCC cells using CRISPR activation (CRISPRa) system. Accord-
ingly, overexpression of TREX1 suppressed CFI-402257-induced
CCL2 expression, at both mRNA and protein level (S Appendix;
Fig. §7), evidencing the presence of cytosolic DNA elicited SASP
response. Our data converged to demonstrate that CFI-402257

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental

A Livers 600+

Ctrl &
£
. I
o

ELdE® |
3
- -

CFI-402257 fom 0-

C Trp53K0/ My cOE

CORONAL SAGITTAL

Lung metastasis
Ctrl- 4/5
= CF1-402257- 2/5

D Trp53K<C/MycCE 107 =
Ctrl S 84 @ o
e, i = °
R X N RYINE
@ SR L : ] *
o < e®e _©
§ow 2o 1
A ’ 1_ 0+
CFl-402257 cm > A
O
&
é<\

Fig. 3. Effects of TTK inhibitor in vivo. (A and B) BALB/cAnN-nu mice were orthotopically implanted with luciferase-labeled MHCC97L cells for 2 wk and were
administered with vehicle control (Ctrl) or 6 mg/kg/day CFI-402257 for 19 d. (A) Livers were harvested for tumor size measurement. (B) Xenogen imaging of
lungs harvested. (C and D) C57/BL6 mice were injected with transposon carrying c-Myc and CRISPR-Cas9 system targeting Trp53 to over-express an oncogene
and knock out a tumor suppressor gene through hydrodynamic tail vein injection (HDTVi). Mice were administered with Ctrl or 6 mg/kg/day CFI-402257 21 d
postinjection for 21 d. (C) Mice were imaged by micro-MRI after 17 d of CFI-402257 treatment before sacrificing. Red arrows, liver tissue; yellow arrows,
tumors. (D) Livers were harvested and weighed. Student’s t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

treatment abolished SAC, leading to DNA damage, micronuclei
formation, cytosolic DNA accumulation, and senescence-like
response in HCC.

CFI-402257 Triggers SASP Transcription via DDX41-STING-IRF3/
7-Nuclear Factor kB Axis. Micronuclei formation and cytosolic
DNA accumulation would stimulate the STING pathway (22)
which might be induced by CFI-402257. STING is a key regula-
tor of cytosolic DNA sensing pathways that mediate proinflam-
matory cytokines signals upon stimulation by cytosolic DNA
(26). STING is activated when cytosolic DNA is sensed by sev-
eral sensors including DDX41, IFI16, and cGAS (26). Activated
STING in dimerized form would then translocate from endo-
plasmic reticulum to Golgi, where it was palmitoylated and phos-
phorylated by TBK1. The STING-TBKI-IRF3 complex led to
phosphorylation, dimerization and nuclear translocation of IRF3.
The complex also phosphorylated IkB, causing nuclear transloca-
tion of nuclear factor kB (NF-xB). Eventually, transcription of
interferon-stimulated genes (ISGs) and SASPs were activated
(27). We confirmed activation of STING and its downstream
mediator IRF3 as there were increased phosphorylation of these
proteins in cells cultured with CFI-402257 (Fig. 5 A and B), as
well as increased formation of dimerized STING (Fig. 50). To
investigate if STING-mediated DNA sensing pathway (27, 28)
contributes to the SASP upregulation, we evaluated two represen-
tative SASP genes in stable knockdown clones of DDX41,
STING, IRF7, and RelA (a subunit of NF-kB). Remarkably,
knockdown of members in the STING pathway resulted in sup-
pression of mRNA expression (S Appendix, Fig. S8) and secre-
tion of CCL2 and IL-1p (Fig. 5 D and E) after CFI-402257
treatment. In addition, our transcriptome sequencing data with
STING stable knockdown clone (sh28) and NTC demonstrated
the upregulation of a panel of SASPs upon CFI-402257 treat-
ment was abrogated when STING was knocked down (Fig. 5F).
Our data converged to show that CFI-402257 regulates SASP

PNAS 2022 Vol. 119 No.32 2119514119

expression through DDX41-STING-IRF3/7-NF-kB axis in
HCC cells.

Mass Cytometry Analysis Demonstrated Increase of Immune
Cell Infiltration in HCC Tumor upon CFI-402257 Treatment.
Previously, we showed CFI-402257 elicited SASP expression and
secretion from HCC cells through activation of STING pathway
and significantly suppressed HCC growth in vivo. The chemo-
kines and cytokines of these SASPs can alter the number of infil-
trating immune cells and their functional status in the tumor
microenvironment (TME) and hence influence the clinical out-
comes of targeted therapies (29). Therefore, mass cytometry, or
cytometry by time of flight (CyTOF), which enabled us to simul-
taneously stain a larger panel of markers than conventional flow
cytometry, was used to extensively classify the infiltrated immune
populations in 77p53C/Myc°F background tumor (30). Our
antibody panel comprised 10 markers for categorization of major
immune cell lineages, and 30 markers for stratifying tumor-
infilerating T cells and NK cells by their activation, differentia-
tion, mobilization and exhaustion states (e.g., KLRG1, PD-1,
TIGIT, TIM3, and LAG3) (19). We simultaneously analyzed
the expression of all the 40 markers on immune cells in HCC
tumors in mice given or not given CFI-402257 treatment.

To have an overview on the change of tumor-infiltrating
immune populations, we analyzed the samples with uniform
manifold approximation and projection (UMAP) dimension
reduction and overlaid the plots of vehicle control (Ctrl) and
CFI-402257-treated mice to visualize the distribution of
CD45" leukocytes on a two-dimensional map (Fig. 64 and S/
Appendix, Fig. S9). We also analyzed with flow cytometry gat-
ing method to calculate the size of each population (Fig. 6B
and SI Appendix, Fig. S10). The results showed that CD4*
T cell, CD8" T cell, and NK cell populations were increased,
and the regulatory T cell (Tregs) population was decreased after
CFI-402257 treatment.
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To have a deeper understanding of the change in the
immune populations and the subtypes present, we used pheno-
graph to cluster CD45" leukocytes by unsupervised nearest
neighbors grouping of parameters. A total of 23 clusters were
identified (Fig. 6 Cand D and S/ Appendix, Fig. S11). Interest-
ingly, we noted there were four clusters of NK cells and four
clusters of CD8% T cells. Most of these clusters generally
underwent an expansion, resembling the result from flow
cytometry gating method. The general increase of NK cells in
tumors from CFI-402257-treated mice suggested that NK cells
might play a significant role in modulating the treatment effi-
cacy. Although the alteration of functional status of NK cells
was not obvious after CFI-402257 treatment, the abundance
and diversity of NK cells suggested their potential role in con-
trolling tumor size (SI Appendix, Fig. S12).

We further validated the dynamic change observed in the
major immune populations by flow cytometry and IHC stain-
ing, consistently, the lymphoid populations were increased
(CD4" T, CD8" T, and NK cells) only in HCC (T) but not
nontumor (NT) regions (Fig. 6 E-G and SI Appendix, Fig.
S13). To conclude, our immune cell profiling data suggested
that CFI-402257 promoted anti-tumor immunity.

Mass Cytometry Analysis Demonstrated Upregulation of PD-1
in TIL in HCC Tumor upon CFI-402257 Treatment. We identi-
fied T cells as the major population presented in HCC tumors
and it was largely increased after CFI-402257 treatment. T cells
played a central role in cancer immunity (31, 32). To extend
our understanding on the population change upon CFI-402257

https://doi.org/10.1073/pnas.2119514119

treatment, we used the same approach for total leukocytes
analysis above (UMAP and phenograph) to analyze T cells (57
Appendix, Fig. S14 A and B). We observed an increase in cluster
2 (CD8" T effector memory), and a decrease in clusters 1, 5,
and 9 (CD4" T effector memory and CD8" T central mem-
ory) (81 Appendix, Fig. S14C). The expression levels of all T cell
markers on UMAP plot, and the location of clusters on pheno-
graph were clarified (87 Appendix, Figs. S15 and S16). To com-
pare the activity of T cells in CFI-402257-treated and control
mice, we gated the CD4" T and CD8" T effector memory cells
and evaluated the expression of different functional markers,
including granzyme B (GZMB), ICOS, OX40, PD-1, CTLA4,
and TIGIT (33). The comparison showed no general upregula-
tion of these activation or exhaustion markers, but it was noted
that the expression of PD-1 is upregulated upon CFI-402257
treatment (87 Appendix, Figs. S17 and S18), providing rationale
for combination therapy with anti-PD-1 to improve the effi-
ciency of CFI-402257.

CFI-402257 Mediates Anti-Tumor Effects Partially through
STING and Synergizes with Immune Checkpoint Inhibitor. To
validate that STING is important for the effect of CFI-402257
in vivo, we established Stz'ngWT/KO HCC tumors in mice
and treated them with vehicle control (Ctrl) or CFI-402257.
Noticeably, we observed knockout of STING diminished the
survival benefit of CFI-402257. By comparing the median days
of survival between Ctrl and CFI-402257-treatment groups, we
saw CFI-402257 promoted longer survival in StingWT group

pnas.org


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2119514119/-/DCSupplemental

A Cirl CFl-402257 B 800
= Unstain | ——
= =
2 300 % 600
] [ c
£ L
6 200 £ 400
N
= 1
= id
100 = 200
Q =
N A
pSTING A
9) Q,.{’],
<Y Q\y
DF 3 F N
< DDX41 Kneckdown “g STING Knockdown
Z 8 'L::;. T 5 .
E :‘E_ 4 (g
= B =
g £ 3
5 4 § 2
© I ®
"é g i - < L _— = W
c0.0 e E 017 e
oo e T8 3
8 Z5%5=z65%8 Z25%52%5%
- Ctrl  CFI-402257_ Ctrl  CFl-402257
.,g IRF7 Knockdown “g RelA Knockdown
< s P - .
E 4 £ E
2 , I 2
c T 2
2 2 8
g B
€ 9 . - . £ - PR
g o= T 11|
E 00 QO ® = O © —E 0.0 O w0 E [SRNT:] g
| q © & © 4 = ~
8 26826563 25652645
Ctrl  CF1-402257 Ctrl  CFIl-402257

[Ctrl CFI-402257 C STING
Umstamﬁrj difer 704 '
STING 40+
monomer 5 | > -
B-actin e —
pIRF3 Ctrl 500nM1000nM
Ctrl CF|-402257

NTC STING KD

E mﬁ DDX41 Knockdown ? STING Knockdown
= 4 =% g e,
£ z
2> 2 2 - o~ » - ~ © - o~ )
c = 1 | I 1 A 0 | i 2
£ g 5 B B ¥ ¥ 4 ¥ 4 ¥
] 8 z-score Q Q O [ [ [ o > &
: : 5 5 2 £ 2 g2 & & 8§
g o Ok o OK o g 9 08 3IO0R I z 4 < L) L) L)
p E2EERES ESd2EZ2 = 4 z
= Z % v Z B B D Z % 6 Z B o E = E
_ Ctl  CFIl-402257 Ctl  CFl-402257 2 17 0 0
‘F RelA Knockdown ﬁ 5 ﬁ
2 20 =
z Down-regulated
o 15 own-regula U
2 p-regulated
=4 (CF1-402257 treated
5 1.0 -
2 STING knockdown (CFI-402257 treated NTC
T 05 Vs ; =
8 o0 CFI-402257 treated NTC) Vehicle Ctrl treated NTC)
= ceggeeyd
2 259 zZ% % P-value: 4.819536e-08

Ctl  CFIl-402257

Fig. 5. TTK inhibitor regulated SASP expression through DDX41-STING-IRF3/7-NF-kB axis. (A and B) Phosphorylation status of (4) STING and (B) IRF3 after
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(58 d vs. 110 d), but not in Stz'ngKO group (61 d vs. 68 d) (Fig.
7A and SI Appendix, Fig. S19A4).

To examine whether combination therapy of CFI-402257
with anti-PD-1 can enhance the treatment benefit of CFI-
402257, we induced T7p53°/My°F HCC in mice by
HDTVi and subjected them to treatment with Curl, CFI-
402257 alone (released after 14 d of treatment), anti-PD-1
monoclonal antibody (mAb) alone or CFI-402257 and ant-
PD-1 mAb. Excitingly, we observed the combination of CFI-
402257 and anti-PD-1 mAb extended survival of HCC-bearing
mice (Fig. 7B and SI Appendix, Fig. S19B).

PNAS 2022 Vol. 119 No.32 2119514119

Discussion

In this study, we reported the potent anti-tumor effect of CFI-
402257, an orally available small molecule inhibitor which
selectively targets TTK, in HCC model. When used as a single
agent, CFI-402257 inhibited tumor growth by inducing apo-
ptosis and senescence-like response. The DDX41-STING cyto-
solic DNA sensing pathway was activated in the senescent HCC
cells and it promoted anti-tumor immune response through the
upregulation and increased secretion of SASP, as revealed by
mass cytometry and transcriptome sequencing (Fig. 7). Combi-
nation treatment of CFI-402257 with anti—-PD-1, an immune
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**P < 0.01, ¥***P < 0.001, ****P < 0.0001.

checkpoint inhibitor, prolonged survival. Our findings strongly
support the future development of CFI-402257 as an anti-cancer
therapeutic in HCC.

TTK, the key regulator of SAC, is upregulated in HCC and
many other cancers with solid tumors (Fig. 1E and SI Appendix,
Fig. S1), suggesting it as a therapeutic target for these cancers.
Aneuploidy is a hallmark of cancer and it was observed in ~90%

https://doi.org/10.1073/pnas.2119514119

solid tumor types, inclusive of breast, pancreatic, and liver cancers
(34, 35). Whereas compromised SAC gives rise to aneuploidy and
malignant transformation because it permits erroneous mitotic
progression and chromosome segregation, it was observed that the
aneuploid cancer cells have a seemingly functional SAC (36, 37).
It suggests altered SAC functioning may be important for cancer
cell survival and protection from further detrimental effects of
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secretion through STING pathway.

chromosomal instability (CIN) and aneuploidy. Our study revealed
that disruption of SAC by targeting TTK using CFI-402257 can
induce more severe aneuploidy and effectively suppress HCC pro-
liferation in vitro and in vivo. In fact, in cancer cells, excessive CIN
increases its vulnerability against chemotherapy and irradiation
(38). Drugs that induce extensive CIN are especially effective in
suppressing cancer cells with deranged SAC (21, 39). Although
how TTK regulates SAC is still yet to be clarified, its importance
in moderating SAC has been shown in many research studies (40).
Since the discovery of CIN, aneuploidy has become an attractive
target for elimination of cancer cells. In fact, it was shown that
TTK inhibitor is an effective anti-cancer agent to suppress growth
of aneuploid tumors (18, 41, 42). Our study provided a strategy to
target aneuploidy in HCC, by using small molecule inhibitor
which binds TTK.

We have shown in our in vivo experiments that HCC
tumors with p53 deletion were sensitive to CFI-402257 treat-
ment (Fig. 3D). In fact, among HCC patients, p53 mutation/
deletion is common and correlated with TTK overexpression
(Fig. 1G). p53 was known to be a tumor suppressor through
inducing cell cycle arrest and apoptosis (43). A study pointed
out that p53 protected cells from aneuploidy. p53 was stabi-
lized and activated during prolonged mitotic arrest in SAC and
it also activated postmitotic checkpoints (44). Another study
using breast cancer model carrying chromosome instability
demonstrated that a panel of SAC genes (including TTK) were
upregulated but not downregulated or mutated (45). Together,
these might suggest a compensatory mechanism of p53 and
SAC proteins in maintaining ploidy, as p53 is essential in acti-
vating postmitotic checkpoints. Under p53 depletion, SAC

genes might be overexpressed to promote cell-cycle arrest and

PNAS 2022 Vol. 119 No.32 2119514119

counteract p53 deficiency by preventing mitotic slippage of
cancer cells after chromosome mis-segregation. PTEN, another
tumor suppressor, mutation/deletion which also correlated with
TTK overexpression (Fig. 1G), might affect HCC sensitivity
toward CFI-402257 similarly, as it also prevents aneuploidy
formation by activating multiple checkpoints (46, 47). Our
data which showed TTK overexpression in p53/PTEN
mutated/deleted human HCC might support the clinical rele-
vance and therapeutic value of CFI-402257 in this cancer type.

Activated STING was found in dimerized form (27). In our
study, except dimerization, we also observed an increase in
STING monomer protein (Fig. 5C), as well as STING mRNA
expression level (S Appendix, Fig. S20) after 96 h of CFI-
402257 treatment, meaning that STING is upregulated at tran-
scriptional level. A previous study on RIG-I-STING pathway
showed the same observation on STING in cells after viral
infection. The authors suggested that the transcriptional upre-
gulation of STING might promote a sustained signaling of the
pathway, therefore leading to a sustained release of proinflam-
matory cytokines to fight against virus (48).

Our study identified a mechanism to promote anti-tumor
immunosurveillance by using a SAC inhibitor targeting TTK.
CFI-402257 activated transcriptional program of SASPs in HCC
cells through DDX41-STING cytosolic DNA sensing, which con-
stitute a panel of chemokines and cytokines that attract and acti-
vate immune cells. Our transcriptome sequencing data provided
us a broader understanding of these upregulated SASPs. Some
examples include IL-1a, which promotes neutrophil infiltration,
and IL-1P that recruits macrophages and activates dendritic cells
(DCs) (49, 50). IL-6 supports B-cell immunoglobulin G (IgG)
production (51). It also promotes CD4™ T cells differentiation to
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Th17 cells, and CD8" T cell differentiation to cytotoxic T cells,
while inhibiting Treg differentiation (52). CCL2 is a major che-
mokine for monocytes/macrophages infiltration and promotes
Th2 cell development (53, 54). MMP-1 facilitates NK cell migra-
tion (55). The properties of these highly induced SASPs suggested
their roles in regulating the infiltration of different immune cells.
Interestingly, we observed increased NK populations in tumor
after CFI-402257 treatment in mass cytometry analysis, and these
NK cells represented one of the largest immune populations in
tumor, thus our data suggested the importance of NK cells in
clearing the tumor cells. ICAM-1 and CXCL5, two SASPs impor-
tant for NK cell immunosurveillance, were found upregulated
after TTK inhibition in our study (56, 57). In a KRAS-mutant
lung cancer model, it was shown that the combination of FDA-
approved mitogen-activated protein kinase (MAPK) and cyclin-
dependent kinase 4/6 inhibitors activated SASPs transcription in
tumor cells mediated by retinoblastoma (RB) protein to harness
NK cells for tumor clearance (56). At the same time, our study
demonstrated that CFI-402257 was able to trigger senescence in
HCC cells as a single agent, upregulate NK and T cells activating
SASPs (e.g., CCL2, ICAM-1, and IL-6) and other proinflamma-
tory SASPs through cytosolic DNA sensing pathway, and increase
immune cells including NK and T cells infiltration to suppress
tumor growth. Our data suggested the potential of CFI-402257
as a senescence inducing agent to induce anti-cancer immunity.

There are two mechanistic explanations for the promising
combinatorial effects of CFI-402257 and anti-PD-1 treatment.
First, as mentioned above, CFI-402257 elicits the SASP pro-
gram to recruit a variety of immune cells. Anti-PD-1 is able to
reactivate the tumor-infiltrated T cells. Second, it was suggested
that type 1 interferon pathway upregulated in innate immunity
might also activate PD-L1 transcription (58). We showed that
combination with anti-PD-1, a currently approved first-line
therapy for HCC patients, exhibited improved efficacy to pro-
long the survival of mice with HCC. This combination may be
translated to human HCC patients. Our findings also echo with
the synergistic effect found in STING agonists and ICIs. MSA-2
acts as a STING agonist by binding to the cyclic dinucleotides
(CDN:) binding pocket of STING dimers (59). Combination of
MSA-2 and anti-PD-1 prolonged survival in a MC38 mouse
tumor (colon carcinoma) model (59). SR-717, another STING
agonist, was found to increase the number of CDS8" T in tumor
and enhance their cytotoxicity (60). CFI-402257 has several
advantages over STING agonists. Unlike CFI-402257, most of
the CDN-based STING agonists undergoing clinical trials are not
orally active and have to be administered intratumorally (59, 61).
CFI-402257 has dual tumor-suppressive mechanisms including
direct inhibition of HCC cell-cycle progression and proliferation
and indirect activation of the STING pathway.
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