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Background: The emergence of chemotherapy resistance usually causes therapeutic failure in advanced cervical cancer. Fork-
head box protein M1 (FOXM1) and threonine tyrosine kinase (TTK) are closely associated with cancer drug sensitivity, but the
mechanism of FOXM1 on TTK involvement in chemo-treated cervical cancer remains unclear. Here, we aimed to observe the
effects of FOXM1 on TTK and on chemotherapy sensitivity in cervical cancer.

Methods: The expressions of FOXM1 and TTK in cervical cancer tissues and para-cancerous tissues were analyzed by im-
munohistochemistry. SiHa and Hela cells were transfected with human lentivirus-FOXM1, small interfering RNA (siRNA) or
pcDNA3.1/FOXMI1 to analyze the changes in TTK protein expression. Furthermore, the cells were treated with paclitaxel (8 M)
or cisplatin (10 M) to analyze the effects of FOXM1 on chemotherapy sensitivity. SiHa cells were used to construct a xenograft
model to study the effects of FOXM1 expression in response to paclitaxel treatment. The tumor size and weight were observed.
The expressions of Ki-67, FOXM1, and TTK protein in tumor tissues were measured by immunohistochemistry.

Results: High expression of FOXM1 and TTK were found in the cervical cancer tissues (p < 0.05). The TTK protein expressions
were decreased by FOMX1-siRNA transfection in SiHa and Hela cells (p < 0.01). The cell viability and cell cycle were also sup-
pressed by FOMX1-siRNA transfection (p < 0.01) but enhanced by pcDNA3.1/FOXM1 transfection (p < 0.01). For paclitaxel or
cisplatin treatment, the cell viability and cell DNA damage were improved due to the FOXM1 overexpression (p < 0.01). TTK

inhibitor significantly suppressed the effects of FOXM]1 overexpression (p < 0.01).
Conclusions: FOXM1 regulated TTK and affected the therapeutic efficacy of cisplatin and paclitaxel in cervical cancer.
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Introduction

Cervical cancer is the fourth most common cancer
among women [1,2]. In cervical cancer, a total of 15 high-
risk strains of human papillomavirus (HPV) are identified,
of which the most high-risk HPV strains are HPV 16 and
18, accounting for more than 70% of cervical cancer [1,3].
For cervical cancer treatment, patients are usually treated
with radiotherapy or surgery, then performed with sys-
temic chemoradiotherapy [4,5]. However, the emergence
of chemotherapy resistance usually causes therapeutic fail-
ure, promoting researchers continuing to study the mecha-
nism of chemotherapy resistance to cervical cancer.

Forkhead box protein M1 (FOXM1), a member of the
forkhead superfamily of transcription factors, is closely in-
volved with the processes of cell proliferation, self-renewal
and tumorigenesis [6,7]. FOXMI is overexpressed in most
human cancers, including the cervix, liver, prostate, breast,
etc., which indicates a poor prognosis for cancer patients
[8,9]. Furthermore, many researchers have found that
FOXMI1 is closely associated with cancer drug sensitivity,

and downregulation of FOXM1 abrogates drug resistance
in different cancer cells [10—12], including cervical cancer
[13,14]. However, the mechanisms of FOXMI1 involve-
ment in chemo-treated cervical cancer remain unclear.

Threonine tyrosine kinase (TTK), also known as
monopolar spindle 1 (MPS1), is a mediator of the spindle
assembly checkpoint, which plays an indispensable role in
maintaining genomic integrity by delaying anaphase until
all chromosomes are properly attached to the mitotic spin-
dle [15,16]. For many cancer treatments, TTK suppres-
sion is a promising therapeutic strategy and many TTK in-
hibitors have been assessed in clinical trials [17,18]. There-
fore, the mechanisms of TTK-mediated drug sensitivity
needed further investigation. Several studies have shown
that FOXM1 is widely spatiotemporally expressed dur-
ing the cell cycle, cell proliferation and DNA damage re-
pair [12,19], suggesting there is a potential interaction of
FOXM1 and TTK in cancer chemotherapy. However, their
potential interaction and effects on chemo-treated cervical
cancer have not been explored.

Copyright: © 2023 The Author(s). Published by Discovery Medicine. This is an open access article under the CC BY 4.0 license.
Note: Discovery Medicine stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.24976/Discov.Med.202335176.22 
https://creativecommons.org/licenses/by/4.0/

Here, we observed the expressions of FOXM1 and
TTK in cervical cancer tissues and analyzed whether
FOXM1 regulates TTK to contribute to chemotherapy sen-
sitivity in chemo-treated cervical cancer cells.

Materials and Methods

Participants

A total of 62 cervical cancer patients were recruited
from January 1st 2020 to January 28th 2021 at the De-
partment of Gynecology. The cervical tissues of all cases
were histologically confirmed by pathologists and no pa-
tients had received chemotherapy or radiotherapy. All tis-
sue specimens were immediately frozen at —80 °C. The
characteristics of all patients are summarized in Table 1.

Table 1. Clinical characteristics of 62 cervical cancer

patients.
Variable Case numbers (%)
Age (year) 46.66 +9.42
Weight (kg) 60.73 £ 9.72
Histopathology

Squamous cell carcinoma 57 (91.94%)

Small cell carcinoma 5 (8.06%)
FIGO stage

IB1 7 (11.29%)

1B2 49 (79.03%)

IB3 6 (9.68%)
Disease sites

Cervix 62 (100%)

FIGO, Federation International of Gynecology and Obstetrics;
IB, Grade I and part B.

Cell Lines

Human cervical cancer cell lines, SiHa (#FH0309,
HPV 16) and Hela (#FH0313, HPV 18), were obtained
from Fuheng Biology (https://www.fudancell.com/, Shang-
hai, China), and cultured in Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 10% fetal bovine serum
(FBS) and 1% streptomycin at 37 °C and 5% COs. The
cell lines were detected by mycoplasma testing and authen-
ticated using short tandem repeats (STR). The STR results,
cell culture and preservation are shown in Supplementary
Material.

Cells Transfection

SiHa and Hela cells (3 x 10° cells/well) were
transfected with 10 pg human pcDNA3.1 plasmid or
pcDNA3.1/FOXM1 (#T03025, GenePharma, Shanghai,
China) for 48 h, according to a previous report [20]. Briefly,
the prepared plasmids were cultured with cells for 48 h, then
the cells were selected using puromycin over 2—3 weeks to
obtain stably transfected cells.
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SiHa and Hela cells (3.13 x 10° cells/well)
were treated with 100 nM control small interfer-
ing RNA (siRNA) or specific FOXMI1 siRNA (5'-
CUCUUCUCCCUCAGAUAUATT-3") (Santa  Cruz
Biotechnology, Santa Cruz, CA, USA) for 48 h using
Lipofectamine™ 2000 Transfection Reagent (#11668019,
ThermoFisher Scientific, Pittsburgh, PA, USA).

Cell Treatment

In the first design, the SiHa and Hela cells were
randomly divided into the control group, FOXM]1-siRNA
group, pcDNA3.1/FOXM1 (FOXM1) group, TTK in-
hibitor group and pcDNA3.1/FOXM1 plus TTK inhibitor
(FOXM1+TTK inhibitor) group.

In the TTK inhibitor or FOXMI1+TTK inhibitor
groups, the cells were treated with 2 uM TTK selective
small-molecule inhibitor MPS1-IN-3 (#HY-12401, Med-
ChemExpress, Shanghai, China) [21] for 24 h.

In the second design (based on the first design), the
cells of each group were treated with 8 M paclitaxel (#HY-
B0015, MedChemExpress, Shanghai, China) or 10 M cis-
platin (#HY-17394, MedChemExpress, Shanghai, China).

Cell Viability

The cell viability of SiHa and Hela cells (1 x 10%
cells/well) was measured using a cell counting kit-8 (CCK-
8) (#HY-K0301, MedChemExpress, Shanghai, China). In
each well, 10 uL of CCK-8 solution was added for 4 h at 37
°C, and the absorbance (450 nm) was obtained using a mi-
croplate reader (#ELx808, BioTek, Burlington, VT, USA).

Cell Cycle Analysis

The harvested SiHa and Hela cells were fixed
overnight using 70% precooled alcohol at 4 °C. After wash-
ing and suspending with phosphate-buffered saline (PBS),
the cells were incubated with RNase (100 mg/mL) and pro-
pidium iodide (PI, 50 mg/mL) for 30 min at 4 °C. The cell
cycle was analyzed using flow cytometry (batch number:
FACS Calibur, BD, Franlin Lakes, NJ, USA) within 60 min.

Cell DNA Damage

The cell DNA damage was observed by ~-H2A
histone family member X (H2AX) immunofluorescence
(#C2035S, Beyotime, Shanghai, China). The fixed cells
were washed and blocked with immunostaining blocking
solution for 15 min, then cultured with yv-H2AX antibody
at room temperature overnight. The nucleus was labeled
with 4,6-diamidino-2-phenylindole (DAPI).

Western Blotting

Total protein from cells was collected using radioim-
munoprecipitation assay buffer (RIPA) buffer (#R0010,
Solarbio, Beijing, China), separated by 12% sodium do-
decyl sulfate-polyacrylamide gel electrophoresis (SDS-
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Fig. 1. TTK and FOXM1 expression levels in cervical cancer tissues. (A) The significance of TTK and FOXM1 expression between
cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC) tissues and normal tissues was analyzed through the GEPIA
online website. (B) The correlation of TTK and FOXM!1 in the CESC. The (C) TTK and (D) FOXM1 expression levels in tumor tissues
and para-cancerous tissues were measured using immunohistochemistry. Red arrows: Positive expression. *p < 0.05, **p < 0.01.

PAGE) (#3450121, Bio-Rad, Shanghai, China), and then
transferred to polyvinylidene fluoride (PVDF) membranes
(#1706527, Bio-Rad, Shanghai, China). The blocked mem-
branes were incubated with appropriate primary antibodies
TTK (1:1000, #3255S), FOXM1 (1:1000, #5436), cleaved-
caspase-3 (1:1000, #9661), cleaved-caspase-9 (1:1000,

#7237) and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (1:1000, #5174) overnight at 4 °C. After washing
with tris-buffered saline (TBS)-0.01% Tween 20, the mem-
branes were cultured with the secondary antibody Goat anti-
Rabbit IgG (H+L) (1:1000, #14708) for 2 h at 25 °C. All the
above antibodies were obtained from Cell Signaling Tech-
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Fig. 2. The expression levels of TTK and FOXM1 protein were observed by western blot in different transfected Hela and SiHa
cells (n = 3). The Hela cells were treated with pcDNA3.1 plasmid or pcDNA3.1/FOXM1 (A), and transfected with control siRNA or
FOXM1 siRNA (B). The SiHa cells were treated with pcDNA3.1 plasmid or pcDNA3.1/FOXM1(C), and transfected with control siRNA

or FOXM1 siRNA (D). ns, no significance. **p < 0.01.

nology (Shanghai, China). An enhanced chemilumines-
cence reagent (#D085075, Bio-Rad, Shanghai, China) was
used to visualize the protein bands. The quantitative analy-
sis of protein bands was performed using Imagel software
(Version 2020, National Institutes of Health, Bethesda, MD,
USA).

Animals

Twenty-four female BALB/c nude mice (5-7 weeks
old) were obtained (Beijing Vital River Laboratory Animal
Technology Co., Ltd., Beijing, China) and fed under a ster-
ile environment with a 12-h/12-h light-dark cycle, provid-
ing unlimited access to water and food.

Mouse Xenograft Model

In this study, SiHa cells were used to construct a cervi-
cal cancer xenograft model to study whether FOXM1 reg-
ulates TTK in response to paclitaxel treatment. Mice were
anesthetized with 1% pentobarbital sodium (50 mg/kg), and
then SiHa cells (1 x 106 cells) were transfected with con-
trol plasmid or stable pcDNA3.1/FOXM!1 and they were re-
spectively injected into the subcutaneous tissue of the right
hind limb of the mice.

Animal Treatment

The mice were randomly divided into the following
groups: Control group, in which the mice were injected
with SiHa cells transfected with control plasmid for 7 days,
then treated with 5 mg/kg paclitaxel [22] by tail vein in-
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Fig. 3. The FOXM1 and TTK protein expressions in (A) Hela and (B) SiHa cells with different treatments were measured by
western blot (n = 3). (A) The FOXM1 and TTK expression in Hela cells. (B) The FOXMI1 and TTK expression in SiHa cells. TTK
inhibitor: Cells were treated with 2 zM MPS1-IN-3 vs the control group, *p < 0.05, **p < 0.01 vs the FOXM1-siRNA group, “p < 0.05,
#p < 0.01. vs the FOXMI group, ¥p < 0.05, “*p < 0.01 vs the TTK inhibitor group, "p < 0.01.

jection per week for 3 weeks; TTK inhibitor group, in
which the mice were injected with SiHa cells transfected
with control plasmid for 7 days, then treated with 2 mg/kg
MPS1-IN-3 [21] and 5 mg/kg paclitaxel by tail vein in-
jection per week for 3 weeks; FOXMI1 group, in which
the mice were injected with SiHa cells transfected with
stable pcDNA3.1/FOXM1 for 7 days, then treated with
5 mg/kg paclitaxel by tail vein injection per week for 3
weeks; And FOXMI1+TTK inhibitor group, in which the
mice were injected with SiHa cells transfected with stable
pcDNA3.1/FOXMI for 7 days, then treated with 2 mg/kg
MPS1-IN-3 and 5 mg/kg paclitaxel by tail vein injection per
week for 3 weeks. There were 6 mice in each group.

Tumor volume (width? x depth x 0.5) was estimated
every week. After 28 days, all anesthetized mice were sac-
rificed through decapitation. The tumor weights were ob-
tained.

Immunohistochemistry

The tumor sections were soaked in xylene and in dif-
ferent volume fractions of ethanol (100%, 95%, 80%, and
70%). After washing, the sections were submerged in
sodium citrate antigen repair solution. After boiling, the
sections were cooled and then blocked for 30 min. All an-
tibodies were purchased from Cell Signaling Technology
(Shanghai, China). After washing, diluted primary Ki-67
rabbit-antibody (1:400, #9027), TTK (1:400, #3255S) and
FOXM1 (1:400, #5436) were added and incubates at 4 °C

overnight. After washing with PBS, the sections were in-
cubated with the secondary antibody Goat anti-Rabbit IgG
(H+L) (1:800, #14708) at 37 °C for 20 min. Finally, the sec-
tions were soaked in different volume fractions of ethanol
(70%, 80%, 90%, 95%, 100%) and xylene. Neutral glue
was used to seal the slides.

Data Analysis

All data were analyzed by SPSS Statistics, version
19.0 (IBM Corp., Armonk, NY, USA) and showed as mean
= standard deviation. For differences among groups, a one-
way analysis of variance (ANOVA) followed by Tukey’s
post hoc test was performed. p < 0.05 was considered sig-
nificant.

Results

FOXM1I and TTK Showed High Expression in
Cervical Cancer Tissues

Through the Gene Expression Profiling Interactive
Analysis (GEPIA) (http://gepia.cancer-pku.cn/) website,
we found that FOXMI1 and TTK expressions were signif-
icantly increased in cervical squamous cell carcinoma and
endocervical adenocarcinoma (CESC) tissues by contrast
to the normal tissues (p < 0.05) (Fig. 1A). Furthermore,
a significant association was found between the FOXM1
and TTK expressions by Pearson correlation (p = 0.00)
(Fig. 1B). To confirm the TTK (Fig. 1C) and FOXM1
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Fig. 4. The cell viability and cell cycle were observed in cervical cancer cells of each group (n = 3). (A) Cell viability was measured

by CCK-8. (B) The cell cycle was measured by flow cytometry. The images of the cell cycle are shown in Supplementary Fig. 1. vs
the control group, *p < 0.05, **p < 0.01. vs the FOXM1-siRNA group, “p < 0.05, #p < 0.01. vs the FOXM1 group, *p < 0.05, **p

< 0.01. vs the TTK inhibitor group, "p < 0.01, "p < 0.01.

(Fig. 1D) expressions in cervical cancer, we analyzed their
expression in tumor tissue and para-cancerous tissue by im-
munohistochemistry. The results showed that the TTK and
FOXMI1 expressions were higher in the tumor tissues than
that in the para-cancerous tissues (p < 0.05).

FOXM1 Regulated TTK in Hela and SiHa Cells

After transfection with pcDNA3.1-plasmid control or
pcDNA3.1/FOXM1, the FOXMI1 and TTK protein ex-
pression levels were observed in Hela cells (Fig. 2A).
The FOXM1 and TTK protein expression levels were
significantly upregulated after being transfected with
pcDNA3.1/FOXM1 compared with the pcDNA3.1-plasmid
control treatment (p < 0.01). Meanwhile, the Hela cells
were transfected with control siRNA or FOXM1 siRNA
to observe the changes in FOXMI1 and TTK protein ex-

&

pression (Fig. 2B). The FOXM1 and TTK expression lev-
els were significantly downregulated after transfection with
FOXM1 siRNA compared with the control siRNA (p <
0.01). Compared with the control cells, no difference was
found in the two protein expression levels after transfected
with pcDNA3.1-plasmid control or control siRNA in cells

(» > 0.05).

Similar effects were observed in SiHa cells
(Fig. 2C,D). Compared with the control transfection,
the FOXM1 and TTK expression levels were markedly
upregulated by pcDNA3.1/FOXMI transfection, and
downregulated by FOXM1 siRNA transfection (p < 0.01).
No significant difference was found between the control
cells and the cells transfected with pcDNA3.1-plasmid
control or control siRNA (p > 0.05).
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*p < 0.05, *p < 0.01. vs the FOXM1-siRNA group, #p < 0.01. vs the FOXM1 group, ¢p < 0.05, “4p < 0.01. vs the TTK inhibitor
group, " p < 0.01.


https://www.discovmed.com/

Cisplatin
S
A o
N 6*\“\\\
i e
N \h\ﬁ\@ " Y ,“@“‘@ w*
SR SR e
Cleaved-caspase-3
Cleaved-caspase-9
GAPDH
Hela Hela
% 1.0
Sa 5
53°° §
@5 @
8%06 4
3 4
850, 3
28 :
23 =
3 802 3
g 4
©00
> \l > S S
&5 &
SN & $
\ & &
o <&
N
)
((O
Cisplatin
B
Cisplatin
&
@ 3 <
o e W R\ A\
Oo‘\“ 0“#“\ QO* ,((‘6‘“ o‘f\“\
Clavecrosspaserd _
erron _
SiHa
10 I
58 58
£§8°° §8
20 23
8% 08 8q
58 a8
% 0.4 va
£38 28
Rl R
] 2%
2507 253
131 °
© o0 °©
Cisplatin Cisplatin

215

Paclitaxel

P o w«o‘*\‘s\‘o‘
00““0\ o *\q\'\""\ : o““‘m «® \“\i@‘\ o ‘N"\X
Hela Hela

o

Relative expression of
cleaved-caspase-3/GAPDH
o © o o o
5 N B O
, S
¥
4 !
2
%
H

Relative expression of
cleaved-caspase-9/GAPDH
o o N
o o [=}
=
#

> N JRS I \g NS
v SR, & & &
& &S S SRR
P &S S° <L
3 @x < @N
S° SH
< <
Paclitaxel Paclitaxel
Paclitaxel
o
o°
&
o e ((P
\e A & x
& \J \ « \
o eof O T o
Cleaved-caspase-3
Cleaved-caspase-9
GAPDH
SiHa SiHa

Relative expression of
cleaved-caspase-3/GAPDH
o o -
o o o
% ;
W
*
I
2
bt
H
Relative expression of
cleaved-caspase-9/GAPDH
o o -
o o o
K .
=<
%
b

> & N $ = > S N S 5
& < +\<\ ~l_\ﬁ\ ¢} & < & &8
e &4 e &G
& &
Paclitaxel Paclitaxel

Fig. 6. The cleaved-caspase-3 and cleaved-caspase-9 protein expression levels in the cisplatin-treated or paclitaxel-treated (A)

Hela and (B) SiHa cells (n = 3). (A) The cleaved-caspase-3 and cleaved-caspase-9 expression in Hela cells. (B) The cleaved-caspase-3

and cleaved-caspase-9 expression in SiHa cells. *p < 0.05, **p < 0.01. vs the control group, #p < 0.01. vs the FOXM1-siRNA group,
“p < 0.05, %p < 0.01. vs the FOXMI group, 'p < 0.05, "' p < 0.01. vs the TTK inhibitor group.

FOXM1 Regulated Cell Viability and Cell Cycle in
Hela and SiHa Cells by Regulating TTK

Furthermore, cells with differential FOXM1 expres-
sion were used to analyze the effects of FOXMI1 on TTK.
Cells were divided into five groups (control, FOXM]I-
siRNA, FOXM1, TTK inhibitor, and FOXMI1+TTK in-
hibitor). The FOXM1 and TTK protein levels in the Hela
(Fig. 3A) and SiHa (Fig. 3B) cells of each group were mea-
sured by western blot. Compared with the control cells, the
FOXM1 and TTK expression levels were clearly downreg-
ulated by FOXM1-siRNA transfection (p < 0.01) and were

markedly upregulated by the pcDNA3.1/FOXM1 treatment
(p < 0.05). Meanwhile, the FOXM1 and TTK protein lev-
els were also decreased by TTK inhibitor relative to that in
the control cells (p < 0.05).

The cell viability (Fig. 4A) and cell cycle (Fig. 4B)
were observed in each group. The images of the GO-GI1,
S and G2/M phases of cells in each group were shown in
Supplementary Fig. 1. The results showed that FOXM]
overexpression promoted cell viability and S+G2/M phase
ratios compared with the control cells (»p < 0.01). Silenc-
ing of FOXMI significantly decreased cell viability and
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The xenograft model was established by injection of SiHa cells transfected with control plasmid or stable

pcDNA3.1/FOXM1. After 7 days of injection, 2 mg/kg MPS1-IN-3 and/or 5 mg/kg paclitaxel was injected into the tail vein once a
week for 3 weeks (n = 6). (A) Tumor size. **p < 0.01. (B) Tumor images and weight. (C) The Ki-67 positive expression in tumor
tissues was analyzed. **p < 0.01. vs the control group, *p < 0.01. vs the TTK inhibitor group, **p < 0.01. vs the FOXMI group.

S+G2/M phase ratios compared with the control cells (p <
0.01). However, TTK inhibitor significantly suppressed the
results of FOXM1 overexpression on cell viability and cell
cycle (p < 0.05).

FOXM1 Regulated Cell Viability and DNA Damage
by Regulating TTK in Chemo-Treated Hela and SiHa
Cells

To evaluate the effects of FOXMI on TTK in
cisplatin-treated or paclitaxel-treated cervical cancer cells,
the cells with differential FOXM1 expression were treated
with 10 uM cisplatin or 8 M paclitaxel. The cell vi-
ability of Hela (Fig. 5SA) and SiHa cells (Fig. 5B) were
observed, and the results showed that FOXM1-siRNA or
TTK inhibitor significantly decreased the cell viability (p <
0.01). However, the cell viability was increased in the cer-
vical cancer cells with FOXM1 overexpression (p < 0.01).
Moreover, the effects of FOXMI1 overexpression were sup-

pressed by the TTK inhibitor (»p < 0.01). Additionally, we
investigated the DNA damage of Hela (Fig. 5C) and SiHa
cells (Fig. 5D) by v-H2AX immunofluorescence. The im-
ages of v-H2AX immunofluorescence in each group are
shown in Supplementary Figs. 2 and 3. The data fur-
ther confirmed that FOXMI1 overexpression significantly
decreased the cell DNA damage induced by cisplatin or pa-
clitaxel treatment (p < 0.01), and TTK inhibitor weakened
the effects of FOXM1 overexpression (p < 0.05).

FOXM1 Regulated Cleaved-Caspase-3, -9 by
Regulating TTK in Chemo-Treated Hela and SiHa
Cells

The protein expression levels of cleaved-caspase-3,
and -9 were measured in the cisplatin or paclitaxel-treated
Hela and SiHa cells. In Fig. 6A, compared with the con-
trol cell, the FOXM1-siRNA or TTK inhibitor significantly
increased the protein levels of cleaved-caspase-3, -9 in cis-
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Fig. 8. The positive (A) FOXM1 and (B) TTK expression levels were analyzed in tumor tissues of each group (n = 6). (A) The
FOXMI expression in tumor tissues. (B) The TTK expression in tumor tissues. Black arrows represented the positive expression. **p
< 0.01. vs the control group, *p < 0.01. vs the TTK inhibitor group, **p < 0.01. vs the FOXMI group.
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platin or paclitaxel-treated Hela cells (p < 0.05), but the
FOXMI1 overexpression was decreased in the two protein
levels (p < 0.01). TTK inhibitor suppressed the effects of
FOXMI1 overexpression on the two expression levels (p <
0.05). Similarly, in the cisplatin or paclitaxel-induced SiHa
cells (Fig. 6B), FOXM1 overexpression downregulated the
protein expression levels of cleaved-caspase-3, -9 relative
to that in the control cells (p < 0.01), whereas the TTK in-
hibitor treatment suppressed the effects of FOXM1 overex-
pression (p < 0.05).

FOXM1 Regulated Paclitaxel Chemotherapy by
Regulating TTK in the SiHa-Induced Xenograft
Model

Next, we sought to confirm whether FOXM1 regu-
lated TTK to affect the paclitaxel chemotherapy in vivo. We
injected SiHa cells transfected with control plasmid or sta-
ble pcDNA3.1/FOXMI into nude mice, and compared tu-
mor size (Fig. 7A) and weight (Fig. 7B) among the different
treatment groups. The results showed that the tumor growth
was exacerbated due to the FOXM1 overexpression relative
to the control group (p < 0.01). The TTK inhibitor treat-
ment significantly suppressed the tumor growth and weak-
ened the promoting tumorigenesis effects of FOXM1 (p <
0.01). Meanwhile, the Ki-67 expression in tumor tissues
was also observed (Fig. 7C). The FOXM1 overexpression
hampered the chemotherapeutic effect of paclitaxel in mice
compared with the control group (p < 0.01), whereas the ef-
fects of FOXM1 overexpression were blocked by the TTK
inhibitor (p < 0.01).

The expression of FOXM1 (Fig. 8A) and TTK
(Fig. 8B) in tumor tissues of each group was measured.
When contrasted to the control group, the FOXM1 and TTK
expression levels were significantly decreased after treat-
ment with TTK inhibitor (p < 0.01), but increased in the
FOMXloverexpression group (p < 0.01). However, the
increased FOXM1 and TTK expression levels induced by
FOXMI1 overexpression were significantly suppressed by
TTK inhibitor treatment (p < 0.01).

Discussion

In this study, we confirmed that FOXM1 and TTK
showed high expression levels in the cervical cancer tissues,
which were consistent with many studies [23-25]. FOXM1
and TTK play important roles in cell cycle progression. Our
data showed that FOXM 1 might be a transcriptional regula-
tor factor of TTK, affecting the chemosensitivity of cervical
cancer cells.

The FOXML1 transcription factor is crucial for cell pro-
liferation, cell cycle control, cell survival, senescence and
DNA damage repair [6,12]. Several studies have indicated
that high FOXM1 expression enhances chemotherapy re-
sistance in many cancers, including prostate cancer [20],
breast cancer [26], and cervical cancer [14]. FOXMI1 reg-

ulates many cellular processes, for example, DNA repair,
cell survival, drug efflux, and deregulated mitosis [12].
For instance, FOXM1 regulates cAMP-responsive element-
binding protein (CREB) [27], kinesin family member 20A
(KIF20A) [20], and signal transducer and activator of tran-
scription 3 (STAT3) [28] to enhance cancer cell chemo-
sensitization. In this study, we first found that FOXMI1 is a
regulator factor of TTK in Hela and SiHa cells, and further
confirmed that FOXM1 regulates TTK to increase the ther-
apeutic efficacy of cisplatin or paclitaxel in cervical cancer
cells.

In cell cycle progression, high TTK expression may
lead to the subsequent development of aneuploid tumors
[29]. Furthermore, TTK has been shown that it could me-
diate multiple drug resistance in various cancers, such as
lung cancer [30], ovarian cancer [29] and breast cancer [15].
Cisplatin and paclitaxel are the most widely used anticancer
drug. The pharmacological effects of cisplatin are mediated
by DNA binding, leading to DNA damage [29]. Paclitaxel
is an antineoplastic drug with an impact on the stabilization
of microtubules, which could act on different levels to in-
hibit tumor growth [31]. In this study, we used cisplatin
and paclitaxel to treat the Hela and SiHa cells with differ-
ential FOXM1 protein expression and found that FOXM1
regulated TTK protein expression to affect the chemosen-
sitivity of cervical cells through observing the cell DNA
damage and apoptosis-related proteins, cleaved-caspase-3,
-9. Cleaved-caspase-3, -9 could be activated by the apop-
tosome [32,33]. In the paclitaxel-induced SiHa xenograft
model, we also found that the tumor growth was enhanced
by FOXM1 overexpression, and TTK inhibitor suppressed
the effects of FOXM1 overexpression.

However, the exact mechanism of how FOXM1 regu-
lates TTK is unclear. Furthermore, the FOXM]1 is involved
in the process of cervical cancers by regulating other factors
that remain unclear. Further studies are needed to further
understand the underlying mechanisms.

Conclusions

In this study, we found that FOXM1 regulated TTK
to affect the chemosensitivity of cervical cells, which pro-
vides a potential strategy for modulating chemosensitivity
in cervical cancer.

Availability and Data and Materials

All data generated or analyzed during this study are
included in this article. Further enquiries can be directed to
the corresponding author.

Author Contributions

QT and ALX—designed the research; QT, ALX
and YY—performed the research; YY, YMZ and JNS—
analyzed the data and provide the help on research ex-


https://www.discovmed.com/

periments. All authors contributed to editorial changes in
the manuscript. All authors read and approved the finial
manuscript. All authors have participated sufficiently in
the work and agreed to be accountable for all aspects of the
work.

Ethics Approval and Consent to Participate

In this study, human material and human data were
performed in accordance with the Declaration of Helsinki,
approved by the Ethics Committee of Yantai Yuhuangding
Hospital (Approval No. 20022-017), and glistered in
Chinse Clinical Trial Registry (No. ChiCTR2200057436)
(https://www.chictr.org.cn). Written informed consents
were obtained from all subjects.

Animal experimental research was in compliance with
the revised Animals (Scientific Procedures) Act 1986 in the
UK and Directive 2010/63/EU in Europe, and approved by
the Ethics Committee of Yantai Yuhuangding Hospital (Ap-
proval No. 20022-017).

Acknowledgement

This manuscript was edited by the Besting Author Ser-
vices.

Funding

This study is supported by the Yantai Science and
Technology Bureau Support Grant/Science and Technol-
ogy Innovation Development Project (No. 2022YDO012 and
2022YDO013).

Conflict of Interest

The authors declare no conflict of interest.

Supplementary Material

Supplementary material associated with this article
can be found, in the online version, at https://doi.org/10.
24976/Discov.Med.202335176.22.

References

[1] Buskwofie A, David-West G, Clare CA. A Review of Cer-
vical Cancer: Incidence and Disparities. J Natl Med Assoc.
2020;112(2):229-232. doi: 10.1016/j.jnma.2020.03.002

[2] Wang L, Zhao Y, Wang Y, Wu X. The Role of Galectins
in Cervical Cancer Biology and Progression. Biomed Res Int.
2018;2018:2175927. doi: 10.1155/2018/2175927

[3] Ferrall L, Lin KY, Roden RBS, Hung CF, Wu TC. Cervi-
cal Cancer Immunotherapy: Facts and Hopes. Clin Cancer
Res. 2021;27(18):4953-4973. doi: 10.1158/1078-0432.CCR-
20-2833

[4] Ittiamornlert P, Ruengkhachorn I. Neutrophil-lymphocyte ratio
as a predictor of oncologic outcomes in stage IVB, persistent, or
recurrent cervical cancer patients treated by chemotherapy. BMC
Cancer. 2019;19(1):51. doi: 10.1186/s12885-019-5269-1

(3]

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

(21]

[22]

219

Liontos M, Kyriazoglou A, Dimitriadis I, Dimopoulos MA,
Bamias A. Systemic therapy in cervical cancer: 30 years
in review. Crit Rev Oncol Hematol. 2019;137:9-17. doi:
10.1016/j.critrevonc.2019.02.009

Liao GB, Li XZ, Zeng S, et al. Regulation of the master regula-
tor FOXM1 in cancer. Cell Commun Signal. 2018;16(1):57. doi:
10.1186/512964-018-0266-6

Gartel AL. FOXM1 in Cancer: Interactions and Vulnerabili-
ties. Cancer Res. 2017;77(12):3135-3139. doi: 10.1158/0008-
5472.CAN-16-3566

Koo CY, Muir KW, Lam EW. FOXMI1: From cancer ini-
tiation to progression and treatment. Biochim Biophys Acta.
2012;1819(1):28-37. doi: 10.1016/j.bbagrm.2011.09.004

Chan DW, Yu SY, Chiu PM, et al. Over-expression of FOXM1
transcription factor is associated with cervical cancer progres-
sion and pathogenesis. J Pathol. 2008;215(3):245-252. doi:
10.1002/path.2355

Xu XS, Miao RC, Wan Y, Zhang LQ, Qu K, Liu C.
FoxM1 as a novel therapeutic target for cancer drug ther-
apy. Asian Pac J Cancer Prev. 2015;16(1):23-29. doi:
10.7314/apjcp.2015.16.1.23

Lin JZ, Wang WW, Hu TT, et al. FOXMI1 contributes
to docetaxel resistance in castration-resistant prostate cancer
by inducing AMPK/mTOR-mediated autophagy. Cancer Lett.
2020;469:481-489. doi: 10.1016/j.canlet.2019.11.014

Yao S, Fan LY, Lam EW. The FOXO3-FOXMI axis:
A key cancer drug target and a modulator of cancer
drug resistance. Semin Cancer Biol. 2018;50:77-89. doi:
10.1016/j.semcancer.2017.11.018

Wang T, Liu Z, Shi F, Wang J. Pinl modulates chemo-
resistance by up-regulating FoxM1 and the involvements of
Whnt/3-catenin signaling pathway in cervical cancer. Mol Cell
Biochem. 2016;413(1-2):179-187. doi: 10.1007/s11010-015-
2651-4

Hou Y, Dong Z, Zhong W, et al. FOXM1 Promotes Drug
Resistance in Cervical Cancer Cells by Regulating ABCCS
Gene Transcription. Biomed Res Int. 2022;2022:3032590. doi:
10.1155/2022/3032590

Thu KL, Silvester J, Elliott MJ, et al. Disruption of the anaphase-
promoting complex confers resistance to TTK inhibitors in
triple-negative breast cancer. Proc Natl Acad Sci U S A.
2018;115(7):E1570-E1577. doi: 10.1073/pnas.1719577115
Chen J, Wu R, Xuan Y, Jiang M, Zeng Y. Bioinformatics
analysis and experimental validation of TTK as a biomarker
for prognosis in non-small cell lung cancer. Biosci Rep.
2020;40(10):BSR20202711. doi: 10.1042/BSR20202711
Chandler BC, Moubadder L, Ritter CL, ef a/. TTK inhibition ra-
diosensitizes basal-like breast cancer through impaired homol-
ogous recombination. J Clin Invest. 2020;130(2):958-973. doi:
10.1172/JC1130435

Xie Y, Wang A, Lin J, et al. Mpsl/TTK: a novel target and
biomarker for cancer. J Drug Target. 2017;25(2):112-118. doi:
10.1080/1061186X.2016.1258568

Wang SP, Wu SQ, Huang SH, et al. FDI-6 inhibits the ex-
pression and function of FOXMI to sensitize BRCA-proficient
triple-negative breast cancer cells to Olaparib by regulating cell
cycle progression and DNA damage repair. Cell Death Dis.
2021;12(12):1138. doi: 10.1038/s41419-021-04434-9

Yu H, Xu Z, Guo M, et al. FOXM1 modulates docetaxel resis-
tance in prostate cancer by regulating KIF20A. Cancer Cell Int.
2020;20(1):545. doi: 10.1186/512935-020-01631-y

Tannous BA, Kerami M, Van der Stoop PM, et al. Effects of the
selective MPS1 inhibitor MPS1-IN-3 on glioblastoma sensitiv-
ity to antimitotic drugs. J Nat/ Cancer Inst. 2013;105(17):1322—
1331. doi: 10.1093/jnci/djt168

Tian XP, Qian D, He LR, et al. The telomere/telomerase


https://www.discovmed.com/
https://www.chictr.org.cn
https://doi.org/10.24976/Discov.Med.202335176.22
https://doi.org/10.24976/Discov.Med.202335176.22
https://doi.org/10.1016/j.jnma.2020.03.002
https://doi.org/10.1155/2018/2175927
https://doi.org/10.1158/1078-0432.CCR-20-2833
https://doi.org/10.1158/1078-0432.CCR-20-2833
https://doi.org/10.1186/s12885-019-5269-1
https://doi.org/10.1016/j.critrevonc.2019.02.009
https://doi.org/10.1186/s12964-018-0266-6
https://doi.org/10.1158/0008-5472.CAN-16-3566
https://doi.org/10.1158/0008-5472.CAN-16-3566
https://doi.org/10.1016/j.bbagrm.2011.09.004
https://doi.org/10.1002/path.2355
https://doi.org/10.7314/apjcp.2015.16.1.23
https://doi.org/10.1016/j.canlet.2019.11.014
https://doi.org/10.1016/j.semcancer.2017.11.018
https://doi.org/10.1007/s11010-015-2651-4
https://doi.org/10.1007/s11010-015-2651-4
https://doi.org/10.1155/2022/3032590
https://doi.org/10.1073/pnas.1719577115
https://doi.org/10.1042/BSR20202711
https://doi.org/10.1172/JCI130435
https://doi.org/10.1080/1061186X.2016.1258568
https://doi.org/10.1038/s41419-021-04434-9
https://doi.org/10.1186/s12935-020-01631-y
https://doi.org/10.1093/jnci/djt168

220

(23]

[24]

[25]

[26]

(27]

binding factor PinX1 regulates paclitaxel sensitivity depend-
ing on spindle assembly checkpoint in human cervical squa-
mous cell carcinomas. Cancer Lett. 2014;353(1):104—114. doi:
10.1016/j.canlet.2014.07.012

S D A, Pasumarthi D, Pasha A, et al. Identification of
Differentially Expressed Genes in Cervical Cancer Patients
by Comparative Transcriptome Analysis. Biomed Res Int.
2021;2021:8810074. doi: 10.1155/2021/8810074

Guan P, Chen H, Li HJ, Duan J, Chen JY. Expression and
significance of FOXM1 in human cervical cancer: a tissue
micro-array study. Clin Invest Med. 2011;34(1):E1-E7. doi:
10.25011/cim.v34i1.14906

Li Z, Liu X, Yu H, Wang S, Zhao S, Jiang G. USP21 regulates
Hippo signaling to promote radioresistance by deubiquitinating
FOXMI in cervical cancer. Hum Cell. 2022;35(1):333-347. doi:
10.1007/s13577-021-00650-9

Ros S, Wright AJ, D’Santos P, et al. Metabolic Imaging
Detects Resistance to PI3K« Inhibition Mediated by Persis-
tent FOXM1 Expression in ERT Breast Cancer. Cancer Cell.
2020;38(4):516-533.e9. doi: 10.1016/j.ccell.2020.08.016

Ring A, Nguyen C, Smbatyan G, et al. CBP/3-Catenin/FOXM1
Is a Novel Therapeutic Target in Triple Negative Breast
Cancer. Cancers (Basel). 2018;10(12):525. doi: 10.3390/can-
cers10120525

(28]

[29]

[30]

[31]

[32]

Kwon YS, Chun SY, Kim MK, Nan HY, Lee C, Kim S.
Mistletoe Extract Targets the STAT3-FOXMI1 Pathway
to Induce Apoptosis and Inhibits Metastasis in Breast
Cancer Cells. Am J Chin Med. 2021;49(2):487-504. doi:
10.1142/S0192415X21500221

Liu Y, Zhu K, Guan X, ef al. TTK is a potential therapeu-
tic target for cisplatin-resistant ovarian cancer. J Ovarian Res.
2021;14(1):128. doi: 10.1186/513048-021-00884-z

Wu ZX, Yang Y, Wang G, et al. Dual TTK/CLK?2 inhibitor, CC-
671, selectively antagonizes ABCG2-mediated multidrug resis-
tance in lung cancer cells. Cancer Sci. 2020;111(8):2872-2882.
doi: 10.1111/cas.14505

Abu Samaan TM, Samec M, Liskova A, Kubatka P, Biisselberg
D. Paclitaxel’s Mechanistic and Clinical Effects on Breast Can-
cer. Biomolecules. 2019;9(12):789. doi: 10.3390/biom9120789
Yan X, Cao M, Wang Z, Wang S, Chen Q. C-reactive
protein promotes tongue squamous cell carcinoma chemore-
sistance by inhibiting the activation of caspase-3/9 via the
CD64/AKT/mTOR pathway. Hum Cell. 2021;34(5):1424-1433.
doi: 10.1007/s13577-021-00555-7

Brentnall M, Rodriguez-Menocal L, De Guevara RL, Cepero
E, Boise LH. Caspase-9, caspase-3 and caspase-7 have distinct
roles during intrinsic apoptosis. BMC Cell Biol. 2013;14:32. doi:
10.1186/1471-2121-14-32


https://www.discovmed.com/
https://doi.org/10.1016/j.canlet.2014.07.012
https://doi.org/10.1155/2021/8810074
https://doi.org/10.25011/cim.v34i1.14906
https://doi.org/10.1007/s13577-021-00650-9
https://doi.org/10.1016/j.ccell.2020.08.016
https://doi.org/10.3390/cancers10120525
https://doi.org/10.3390/cancers10120525
https://doi.org/10.1142/S0192415X21500221
https://doi.org/10.1186/s13048-021-00884-z
https://doi.org/10.1111/cas.14505
https://doi.org/10.3390/biom9120789
https://doi.org/10.1007/s13577-021-00555-7
https://doi.org/10.1186/1471-2121-14-32

	Introduction
	Materials and Methods
	Participants
	Cell Lines
	Cells Transfection
	Cell Treatment
	Cell Viability
	Cell Cycle Analysis
	Cell DNA Damage
	Western Blotting
	Animals
	Mouse Xenograft Model
	Animal Treatment
	Immunohistochemistry
	Data Analysis

	Results
	FOXM1 and TTK Showed High Expression in Cervical Cancer Tissues
	FOXM1 Regulated TTK in Hela and SiHa Cells
	FOXM1 Regulated Cell Viability and Cell Cycle in Hela and SiHa Cells by Regulating TTK
	FOXM1 Regulated Cell Viability and DNA Damage by Regulating TTK in Chemo-Treated Hela and SiHa Cells
	FOXM1 Regulated Cleaved-Caspase-3, -9 by Regulating TTK in Chemo-Treated Hela and SiHa Cells
	FOXM1 Regulated Paclitaxel Chemotherapy by Regulating TTK in the SiHa-Induced Xenograft Model

	Discussion
	Conclusions
	Availability and Data and Materials
	Author Contributions
	Ethics Approval and Consent to Participate
	Acknowledgement
	Funding
	Conflict of Interest
	Supplementary Material

