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TTK (also known as Mpsl) is the core component of the spindle assembly
checkpoint, which ensures proper distribution of chromosomes to daughter
cells to maintain genome integrity and to balance growth and division.
However, the function of TTK in tumorigenesis has not been extensively
studied, especially in relation to the development of gastric cancer. In this
study, survival and tumor recurrence data related to TTK expression level
in gastric cancer patients were collected and analyzed. We observed that
TTK expression was negatively correlated with survival and tumor recur-
rence in vivo. TTK was also upregulated in gastric cancer cells and was
observed to be essential for the proliferation and survival of gastric cancer
cells. Knockdown of TTK inhibited proliferation and increased apoptosis.
Furthermore, we report that TTK regulates the proliferation and apoptosis
of tumor cells through the Akt-mTOR pathway. Knockdown of TTK
inhibited activation of Akt-mTOR signaling. In summary, our data indi-
cate that TTK is involved in the regulation of gastric cancer proliferation
and apoptosis.

Gastric cancer is one of the most common tumors in
the digestive tract. The incidence rate of gastric cancer
is fourth among malignant tumors, and it has a high
mortality rate [1]. Studies have shown that the carcino-
genic process is very complex, which results from con-
tinuous accumulation of genetic mutations. Currently,
the specific pathogenesis of gastric cancer is unclear
[2,3]. Conventional chemotherapy and biotherapy are
not ideal. Therefore, studies on the pathogenesis of
gastric cancer and clinical treatment have become the
focus of research [4-6].

Protein kinases are catalytically active enzymes that
transmit functional signals by regulating important cel-
lular processes. Dysfunction of kinases in cells often
leads to the development of cancer and is associated
with tumor progression and clinical outcomes [7].
Therefore, studies on kinases have facilitated screening

Abbreviations

of new inhibitors for the treatment of cancer. For
example, sorafenib is a multitargeted kinase inhibitor
proven to an effective inhibitor in both advanced liver
cancer and kidney cancer [8,9]. Apatinib, a small mole-
cule tyrosine kinase inhibitor targeting vascular
endothelial growth factor receptor-2, has been recom-
mended as third-line treatment for metastatic gastric
cancer patients [10].

The human monopolar spindle 1 (HMPS1/TTK)
gene is located on chromosome 6q13-q21 and encodes
a serine/threonine and tyrosine protein kinase. TTK is
critical for the regulation of mitotic checkpoints and
chromosome attachment. Elevated levels of TTK cause
centrosome enlargement and chromosomal instability,
leading to tumorigenesis [11-13]. Potential diagnostic
value of TTK has been demonstrated for undifferenti-
ated thyroid, triple-negative breast, and lung cancers

ANOVA, analyzed by one-way analysis of variance; HMPS1/TTK, the human monopolar spindle 1; mTOR, the mammalian target of
rapamycin; PVDF, polyvinylidene difluoride; SAC, the spindle assembly checkpoint; SD, standard deviation.
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[14-16]. Tt has been reported that specific inhibitors of
TTK, AZ3146 and MPI-0479605, effectively have been
described to inhibit proliferation of hct-116 colon can-
cer cells, indicating that TTK is involved in tumor
formation [17-19]. However, the relationship between
TTK and the formation of gastric cancer has not been
reported in the literature, and its role and molecular
mechanism still need further study.

In this study, we found that the expression of TTK
was positively correlated with the mortality rate of
patients with gastric cancer, and high expression of
TTK was conducive for tumor recurrence. We also
found that overexpression of TTK promoted cell pro-
liferation, and inhibition or knockdown of TTK pro-
moted apoptosis, indicating that TTK plays a role as
an oncogene during tumor formation. Further experi-
ments revealed that TTK regulated cell proliferation
and apoptosis by participating in the Akt-mTOR sig-
naling pathway.

Material and methods

Cell culture and transfection

Immortalized gastric cell line GES-1 and cancer cell lines
HGC-27 and MGC-803 were cultured and maintained at
37 °C with 5% CO; in 1640 medium (HyClone, Logan,
UT, USA) containing 10% FBS (Gibco, Brisbane, Aus-
tralia). Cells were cotransfected with plasmids expressing
TTK or siRNA according to the manufacture’s instruction.
The siRNAs used for TTK knockdown were TTK-siRNA-1
(5-AGAUCUUCGAGACGUGUU AAA-3) and TTK-
siRNA-1 (5-AGAUUGAAUUUCCCGAGAUUU-3).
Briefly, when cells reached about 70% confluence in a
6-well plate, 2 pg for each indicated plasmid and 6 pL
Lipo2000 Reagent were diluted in 100 pL 1640 medium,
respectively. The diluted plasmids and Lipo2000 Reagent
were then mixed gently and incubated for 30 min at room
temperature. The mixture was added to the cells and incu-
bated in a 37 °C incubator for 6 h before the medium was
replaced by fresh 1640 medium. Cells were finally subjected
to further research 48 h after transfection. For siRNA
transfection, cells were cultured to about 50% confluence
in a 6-well plate and the indicated siRNA was transfected
by Lipo2000 Reagent at the final concentration of 100 nwm.
The cells were incubated with siRNA for about 48 h before
the determination of TTK expression by western blot.
MGC-803 or HGC-27 was used for the transfection of siR-
NAs to knock down TTK expression.

Plasmid construction

Total RNA was extracted from HeLa cells using an RNA
Isolation Kit (Ambion, Austin, TX, USA). The reverse
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transcription reaction was conducted using PrimeScript RT
Reagent Kit (Takara, Kyoto, Japan), and the cDNA was
then used as the template for the amplification of TTK
gene. The ORF of TTK was amplified by the following
sequences: pcDNA-Flag-TTK-F:GGAggatccATGGATTA
CAAGGACG ACGATGACAAGATGGAATCCGAGGA
TTTAAGTG.PcDNA-Flag-TTK-R:GGTctcgagTCAAAAA
GTCTTGGAGGATGAA. The fragment was then digested
and cloned into the plasmid (Invitrogen, Carlsbad, CA,
USA). GES-1 was used for the transfection of Flag-TTK.

Quantitative real-time PCR for the detection of
gene expression

Real-time PCR was used to quantify gene expression level
in cells. RNA was extracted from cells using RNA Isola-
tion kit (Ambion) and reversely transcribed into cDNA
(Takara). Gene expression was then determined using gene-
specific primers (5-TAGCCCAGATTGTGATGTGAAG-
3’ and 5-CACTTGGTTTAGATCCAGGCAC-3'); the
25 uL PCR solution contained 12.5 pL. of 2 x Premix Ex
Taq (TaKaRa), 0.5 pL of 10 um forward primer, 0.5 pL of
10 puMm reverse primer, and 1 nL. DNA template. The stages
of PCR program were set as 95 °C for 5 min, followed by
the amplification stage consisting of 40 cycles of 95 °C for
10 s and 60 °C for 30 s.

Western blot analysis

12% SDS/PAGE was used to separate proteins, which
were then transferred onto a polyvinylidene difluoride
(PVDF) membrane (Millipore, St. Louis, MO, USA). The
membrane was blocked by 5% nonfat milk in phosphate-
buffered solution (NaCl 137 mm, KCI 2.7 mm, Na,HPO,
10 mm, KH,PO4 2 mm, pH 7.4) for 2 h at room tempera-
ture. The blot was incubated with a primary antibody
(Table S1) at 4 °C overnight in a flat shaker. After
washed by PBS, the blot was incubated with the fluores-
cence-labeled anti-mouse/anti-rabbit IgG (Cell Signaling
Technology, Beverly, MA, USA) for 2 h at 4 °C. The blot
was detected by Odyssey (Licor, Lincoln, NE, USA) for
signals.

Cell proliferation assay

MTS was used to measure cell proliferation according to
the instruction (Promega, Madison, WI, USA). The cells
were cultured in 96-well plate. After the indicated treat-
ments, the supernatant was replaced by fresh medium.
Twenty microlitre of CellTiter 96 AQueous One Solution
Reagent was added into each well of the 96-well assay plate
containing the samples in 100 pL of culture medium. The
plate was incubated at 37 °C for 1 h in a humidified, 5%
CO, atmosphere. The absorbance was recorded at 490 nm
using a 96-well plate reader.
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Cell viability assay

CellTiter-Glo® Luminescent Cell Viability Assay was used
to measure cell viability according to the instruction (Pro-
mega). Cells were cultured in 96-well plated with the indi-
cated treatment. The plate and its content were equilibrated
at room temperature for approximately 30 min. One vol-
ume of CellTiter-Glo® Reagent equal to the volume of cell
culture medium was added and mixed for 2 min on an
orbital shaker to induce cell lysis. The absorbance was
recorded at 490 nm using a 96-well plate reader.

Annexin V for the detection of gastric cancer cell
death

Cell death rate was detected by Annexin V (Molecular
Probes, Carlsbad, CA, USA) according to the manufac-
turer’s protocol. Gastric cells were harvested after the indi-
cated treatments and washed with cold phosphate-buffered
saline (NaCl 137 mm, KCI 2.7 mm, Na,HPO, 10 mwm,
KH,PO4 2 mm, pH 7.4). The cells were then resuspended
in 1x annexin-binding buffer (50 mm HEPES, 700 mwm
NaCl, 12.5 mm CaCl,, pH 7.4) at ~ 1 x 10° cells per mL,
followed by the addition of 5 uL of Alexa Fluor 488
annexin V and 1 pL of 100 pg-mL~" PI (propidium iodide).
The sample was incubated at room temperature for 15 min
in the dark. Subsequently, 400 pL of 1x annexin-binding
buffer was added to the sample and measured by flow
cytometry at 530 and 575 nm.

TdT-mediated dUTP nick end labeling (TUNEL)
assay

TUNEL system (Promega) was conducted according to the
manufacturer’s instruction with some minor modifications.
Briefly, the medium of cells was removed after the indicated
treatment. The cells were fixed with 1% methanol-free
paraformaldehyde for 10 min at 4 °C. Subsequently, the
cells were rinsed twice with PBS and permeabilized with
0.1% Triton X-100 for 5 min. After rinsing slides with PBS
twice at room temperature, the cells were covered with
100 pL of equilibration buffer at room temperature for
10 min. The cells were incubated with rTdT mix containing
green fluorescein-12-dUTP for 60 min at 37 °C and then
counterstained with PI. The reactions were terminated by
immersing the slide in 2x SSC for 15 min. The slide was
air-dried and mounted with antifade solution (Invitrogen)
to assess fluorescence by microscopy.

Caspase 3/7 activity detection

The Caspase-Glo 3/7 assay (Promega) was used to measure
caspase-3 and caspase-7 activities according to the instruc-
tion. Briefly, the Caspase-Glo 3/7 buffer was transferred to
the amber bottle containing Caspase-Glo 3/7 substrate to
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form the Caspase-Glo 3/7 reagent. Cells with the indicated
treatments were mixed with equal volume of reagent. The
mixture was gently mixed and incubated at room tempera-
ture on a plate shaker for 2 h and then subjected to measure-
ment of the luminescence by a plate-reading luminometer.

Statistical analysis

The data from three independent experiments were analyzed
by one-way analysis of variance (ANOVA) to calculate the
mean and standard deviation (SD) of the triplicate assays.

Results

Relationship between TTK gene mutation and
survival rate and recurrence of gastric cancers

First, to analyze whether TTK gene mutation is associ-
ated with the survival rate and recurrence of cancer
patients, we searched for data on gastric cancer
patients in the TCGA database. The database search
revealed 92 gastric cancer patients with TTK mutations
with an average survival period of 87 months. How-
ever, in 397 gastric cancer patients who did not have a
mutated TTK gene, their mean survival was only
27.33 months (Table 1). By analyzing the survival rate
of gastric cancer patients, we also found that the sur-
vival rate of cancer patients with TTK mutations was
significantly higher than that of cancer patients without
TTK gene mutations (Fig. 1A). This result preliminar-
ily indicated that the TTK gene may function as an
oncogene. Next, we investigated the relationship
between TTK mutation gene and gastric cancer recur-
rence. We searched the data on cancer patients who
underwent chemotherapy or surgical resection and ana-
lyzed the relationship between tumor recurrence and
survival rate. As shown in Table 2, in the TTK gene
mutation group, the tumor recurrence rate was about
18%, and the average survival period was 98 months.
In the unmutated TTK group, the tumor recurrence
rate was about 37%, and the average survival period
was only 38.9 months. Figure 1B also shows that

Table 1. Statistics of patients with or without TTK gene mutations
in tumors. P-value of these two groups is 0.0139.

Number Median
Number of of cases, month
cases, total deceased survival
Cases with alterations in 120 34 87
TTK gene
Cases without alterations 397 168 27.33
in TTK gene
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Fig. 1. Survival and disease-/progression-free of the patients with or without TTK alteration. (A) Survival of the patients with or without TTK
alteration. P-value = 0.0139. (B) Disease-/progression-free survival of patients with or without TTK alteration. P-value = 0.00387. All patient
data were collected from TCGA database. (C). TTK expression profile in gastric cancer samples and paired normal tissues. Data represent
means + SD of triplicate assays and were analyzed by unpaired ttest. ** P < 0.01.

Table 2. Disease-free survival of patient with or without TTK gene
mutations in tumors. P-value of these two groups is 0.00387.

Number
of case, Median
Number of relapsed/ month
cases, total progressed survival
Cases with alterations 98 18 98
in TTK gene
Cases without alterations 305 112 38.9
in TTK gene

cancer patients with TTK gene mutations had a longer
tumor recurrence time and higher survival rate than
those without TTK mutation, indicating that TTK par-
ticipates in the tumor recurrence process. In order to
further analyze the gene expression profile across gas-
tric cancer samples and normal tissues, we searched the
corresponding data from GEPIA (http://gepia.cancer-
pku.cn/). By analyzing TTK expression in 408 gastric
cancer tissues and 211 normal tissues, we found that
TTK was extremely upregulated in gastric cancers by
about 16-fold (Fig. 1C).

Together, these results indicate that TTK may func-
tion as oncogene and be of great importance in the
tumorigenesis of gastric cancers.

Effects of overexpression of TTK on cell
proliferation and viability

To further investigate the specific function of TTK in
cells, we examined the expression of TTK in various

gastric cancer cells. Compared with immortalized gas-
tric epithelial cell line GES-1, we found that TTK was
significantly overexpressed in gastric cancer cell lines
HGC-27 and MGC-803 (Fig. 2A). We next inserted
TTK cDNA in a plasmid vector with a Flag tag. After
transfection of the plasmid into the cells, we performed
western blotting on the TTK protein, which was found
to be efficiently expressed in the cells. In addition, the
TTK protein was increased as more plasmids were
transfected (Fig. 2B). Next, we analyzed cell growth
and viability upon overexpression of TTK. MTS assay
showed that, as the expression level of TTK protein
was increased, the proliferation rate of cells was also
increased gradually (Fig. 2C). Further analysis
revealed that TTK overexpression enhanced cell viabil-
ity (Fig. 2D). In order to determine the impact of
TTK expression on long-term cell survival, colony
assay was performed. The results showed that more
colonies were formed on agarose plate after TTK was
overexpressed in cells (Fig. 2E). Collectively, these
results indicated that overexpression of TTK was bene-
ficial for cell proliferation and tumor growth.

Cell proliferation and apoptosis after knockdown
of TTK

We designed two siRNAs targeting TTK. After siRNA
transfection into gastric cancer cells, the mRNA and
protein expression of TTK were detected by real-time
PCR and western blotting, respectively. Both siRNAs
effectively knocked down TTK in cells (Fig. 3A). Next,
we examined the proliferation of the cells by MTS

FEBS Open Bio 10 (2020) 1542-1549 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd. 1545
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Fig. 2. Ectopically expressed TTK enhances the growth and viability of gastric cancer cells. (A) mRNA and protein levels of TTK were
detected by quantitative real-time PCR (left) and western blotting (right), respectively, in immortalized gastric cells and gastric cancer cells.
B-actin was used as a control. Data represent means + SD of triplicate assays and were analyzed by unpaired ttest. *P < 0.05, **P < 0.01
(B) TTK expression in cells transfected with increasing amounts of plasmids, 1 pg(+), 2 pg(++), and 4 pg(+++), was detected by western
blotting. B-actin was used as a control. (C) Cell proliferation was determined by MTS assay after transfection of increasing amounts of the
TTK expression plasmid. Data represent means + SD of triplicate assays and were analyzed by unpaired ttest. *P < 0.05, **P < 0.01. (D)
Cell viability was determined after transfection of increasing amount of TTK expression plasmid. **P < 0.01. Data represent means + SD of
triplicate assays and were analyzed by unpaired ttest. (E) Colony assay was performed, and the colony number was calculated after cells
were transfected with or without Flag-TTK. In all of the panels, the plotted data points refer to the mean + SD of triplicate assays. Data
represent means + SD of triplicate assays and were analyzed by one-way ANOVA with Dunnett's multiple comparisons test. The scale bar

indicated 10 um in length.

assays. When TTK was knocked down, the proliferation
rate of the cells was significantly inhibited (Fig. 3B).
The proliferation rate was also decreased while apopto-
sis increased upon the inhibition of TTK by reversine,
an inhibitor which can specifically inhibit TTK activity
(Fig. 3C). To investigate whether knockdown of TTK
induced apoptosis, we first examined early and late
apoptosis of cells by Annexin V and TUNEL staining,
respectively. The results showed that, when TTK was
knocked down, the number of early apoptosis of the
cells was increased significantly (Fig. 3D). Similarly,
TUNEL staining also showed cells were undergoing
apoptosis upon knockdown of TTK (Fig. 3E). To
demonstrate that TTK, but not other proteins caused
the above phenomena, we silent-mutated the TTK
siRNA-binding site and cotransfected it with siRNA
into gastric cancer cells. By detecting cell proliferation
and caspase-3/7 activities, we found that expression of
TTK gene effectively restored the growth rate of gastric
cancer cells and inhibited apoptosis (Figs. 3F,G). The
expression of TTK with the indicated treatments was
determined by western blotting (Fig. 3H). These results
indicated that the TTK gene was involved in cell prolif-
eration. Moreover, when TTK protein was decreased,
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cells underwent apoptosis, indicating that TTK is an
oncogene, which is involved in the regulation of gastric
cancer tumorigenesis.

Pathways of TTK regulating cell proliferation and
apoptosis

The mammalian target of rapamycin (mTOR) is a ser-
ine/threonine kinase. The mTOR signaling pathway
promotes cell proliferation and participates in many
key physiological functions such as apoptosis and
autophagy. It also plays a major role in many diseases.
AKT kinase is one of the key proteins that regulates
the mTOR signaling pathway [20]. Therefore, we
investigate whether TTK protein regulates prolifera-
tion and apoptosis of tumor cells by modulating the
Akt-mTOR signaling pathway. First, we transfected
increasing concentrations of the pcDNA-Flag-TTK
plasmid into cells and then performed western blotting
for the detection of Akt protein phosphorylation. The
phosphorylation level of Akt protein was increased
with the increased TTK protein expression (Figs. 4A,
B). Next, we examined whether Akt directly activates
mTOR pathway signaling by a downstream protein of

FEBS Open Bio 10 (2020) 1542-1549 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.
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Fig. 3. Depletion of TTK inhibits cell growth and induces apoptosis of gastric cancer cells. (A) TTK expression was evaluated by real-time
PCR (left) and western blotting (right) after cells were transfected with two different siRNAs. (B) Cell proliferation was determined by MTS
assay after knockdown of TTK by siRNA transfection. *P < 0.05. (C). Cell proliferation or apoptosis was determined by MTS assay or
caspase-3/7 activity after treated with or without TTK inhibitor reversine. *P < 0.05. (D) Cells with or without knockdown of TTK were
collected and stained with Annexin V and PI. The cells were analyzed by flow cytometry. (E) Effect of TTK1 reduction on the gastric cell
death examined by TUNEL staining. Cells with or without knockdown of TTK were collected for the TUNEL assay. Samples were examined
by fluorescent microscopy. The scale bar indicated 10 um in length. (F) Cell proliferation was determined by MTS assay after transfection of
siRNA with or without pcDNA-TTK-mu. *P < 0.05, **P < 0.01. (G) Apoptosis was determined by caspase-3/7 activity after transfection of
siRNA with or without pcDNA-TTK-mu. *P < 0.05, **P < 0.01. (H). The expression of TTK with the indicated treatments was determined by
western blot. B-actin was used as a control. In all of the panels, the plotted data points refer to the mean + SD of triplicate assays. In all

panels, data represent means 4+ SD of triplicate assays and were analyzed by unpaired t-test.

the mTOR, 4E-BP1. The results showed that the phos-
phorylation level of 4E-BPl protein was gradually
increased with the increase of TTK expression
(Figs. 4A,C). In order to further determine the connec-
tion between TTK and AKT, TTK was overexpressed
with or without the incubation of AKT inhibitor VIII.
The cell viability was then examined 48 h after the
incubation, and the result showed that inhibition of
AKT could block the acceleration of cell growth by
TTK overexpression (Fig. 4D).

The above results indicated that TTK activated the
Akt pathway that in turn regulated cell proliferation
and apoptosis.

Discussion

The spindle assembly checkpoint (SAC; also known as
the mitotic checkpoint) is a signal cascade consisting of
proteins such as TTK, polo, aurora, bub, bubr, and mad.
Its function is to detect incorrectly located chromosomes,
to produce the correct bipolar connection of the spindle,
and reduce chromosome mismatches before the start of

FEBS Open Bio 10 (2020) 1542-1549 © 2020 The Authors. Published by FEBS Press and John Wiley & Sons Ltd.

division [21]. TTK as a core component of SAC is a key
monitoring mechanism that ensures healthy cell prolifera-
tion and precise division [22]. In addition to regulation of
mitosis, TTK also plays a role in other processes such as
centrosome replication, DNA damage response, and
organ development [23]. Therefore, abnormal expression
of TTK necessarily affects normal physiological functions,
which may lead to serious chromosomal mismatch errors,
eventually leading to chromosomal instability, aneuploid
formation, and even cell cancer. By northern blot analysis,
the expression levels of TTK genes in normal organs were
very low except for testis and placenta. However, the level
of TTK is high in many types of human malignancies,
including glioblastoma, thyroid cancer, and breast cancer.
These experimental results indicate that TTK is a typical
proto-oncogene. However, in addition to the clear study
in cell mitosis, TTK protein has not been extensively stud-
ied in the specific mechanism of tumorigenesis, especially
in the development of gastric cancer.

Our study found that TTK is associated with poor sur-
vival and poor prognosis in patients with gastric cancer
and is expected to be a potential target for the treatment
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Fig. 4. TTK participates in the Akt-mTOR pathway to regulate cell growth and apoptosis (A) Akt, p-Akt, 4E-BP1, and p-4E-BP1 levels were
determined by western blotting after cells were transfected with increasing amounts of TTK. B-actin expression plasmid. B-actin was used
as a control. (B) Relative levels of p-Akt/Akt were determined by the software of the Gel Imaging System (Bio-Rad, Hercules, CA, USA). (C)
Relative levels of p-4E-BP1/4E-BP1 were determined by the software of the Gel Imaging System (Bio-Rad). (D) Cell proliferation was
determined by MTS assay after the indicated treatments. In all of the panels, the plotted data points refer to the mean + SD of triplicate
assays. In all of the panels, the plotted data points refer to the mean + SD of triplicate assays. *P < 0.05, **P < 0.01.

of gastric cancer. The expression of TTK kinase in gastric
cancer is significantly higher than that of normal gastric
immortalized cells, and its function is crucial for the pro-
liferation and survival of gastric cancer cells. Knockdown
of TTK results in decreased cell proliferation and
increased rates of apoptosis and necrosis. Our results indi-
cate that TTK regulates the proliferation and apoptosis
of tumor cells through Akt-mTOR signaling pathway.
Knockdown of TTK protein inhibits the activation of
Akt-mTOR signaling pathway and reveals the mechanism
of TTK involvement in tumor formation.

TTK could be a new marker for the prognosis and
potential therapeutic targets of gastric cancer. So far,
studies on tumors in combination with TTK inhibitors
and chemotherapy or radiotherapy have yielded many
encouraging results in the clinic. Therefore, more and
more researchers are paying attention to this field,
which may be a promising therapeutic target for various
cancers. In addition, a new approach to the differential
diagnosis of TTK between normal tissue and malignant
tissue was observed. More specific studies are needed to
validate this possibility. There is increasing evidence
that overexpressed TTK is associated with shorter
recurrence time and survival time. This suggests that
TTK may also be an independent biomarker of
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prognosis. In conclusion, TTK may have potential as a
therapeutic target and molecular biomarker.
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