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Objective: To explore the role of Krüppel-like factor 14 (KLF14) and its underlying

mechanism(s) of action in cell-cycle regulation in cervical cancer.

Methods: Lentiviral infection was used to construct KLF14, KLF14 zinc-finger

structural mutations, and empty vector controls in SiHa and HeLa cervical cancer

cells. The effect of KLF14 on cervical cancer cell cycle was detected by flow

cytometry. The effect of KLF14 on the expression of cyclin-dependent kinase 2

(CDK2), cyclin A2 (CCNA2), and MAPK signalling pathway-related molecules was

detected by fluorescence quantitative RT-PCR (qRT-PCR) and western blot.

Cervical cancer cells were treated with JNK-pathway inhibitors/agonists before

we assessed changes in the cell cycle and the expression of the CDK2, CCNA2,

and p-JNK/JNK. Subcutaneous xenograft studies to explore the effects of KLF14

on cervical cancer cell proliferation in vivo, and western blotting was

implemented to measure the expression of CCNA2, CDK2, and the activation

levels of the MAPK-signaling pathway proteins in tumours.

Results: The proportion of cells in the S phase was increased in the KLF14-

overexpressing group compared with the control group (P<0.001); CDK2, CCNA2,

and p-JNK/JNK expression levels were elevated in the KLF14-overexpressing group

relative to the control group (all P<0.05). When JNK-pathway activation was

inhibited/promoted, the proportion of cells in the S phase was reduced/increased

(P<0.05) and CDK2 and CCNA2 expression levels were reduced/decreased,

respectively (all P<0.05). Vivo experiments revealed that KLF14 inhibited cervical

cancer cell proliferation (P<0.01) and that p-JNK/JNK, CDK2, and CCNA2

expression levels were augmented in tumours in the overexpression group (P<0.01).

Conclusion: KLF14 induced S-phase arrest in cervical cancer cells and inhibited the

proliferation of cervical cancer cells in vivo; the induction of S-phase arrest was

related to its zinc-finger structure. KLF14 also activated the JNK pathway to induce

S-phase arrest and promote the expression of CDK2 and CCNA2. In summary,

KLF14 activates the JNK-signaling pathway to induce S-phase arrest in cervical

cancer cells
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1 Introduction

Cervical cancer (CC) is the second leading cause of cancer

deaths in young women worldwide (1). According to the

GLOBOCAN 2020 database, the incidence rate of cervical cancer

is 13.3 per 100,000, and the mortality rate is 7.3 per 100,000. The

incidence and mortality rates of cervical cancer have significantly

increased in recent years (2). Even though various preventive and

treatment measures have emerged, surgery is still the first choice for

cervical cancer treatment. Most patients are already in the advanced

clinical stage when diagnosed, beyond the optimal period of

surgery, and need to rely on chemotherapy. However, with the

development of chemotherapy resistance, the therapeutic effect of

cervical cancer is affected. The global cervical cancer burden

remains high (3). Previous studies have shown that the reentry

cell cycle of differentiated cells is one of the main reasons affecting

the occurrence, development, and drug resistance of cervical cancer

(4–8). It’s necessary to explore the mechanism of inhibiting the

reentry cell cycle of cervical cancer cells. To regulate the cell cycle

and provide targets for anti-cancer therapy (9, 10).

Krüppel-like factor 14 (KLF14), a member of the Krüppel-like

transcription factor family (KLFs) which can activate or inhibit

genes involved in cell cycle regulation to further regulate the cell

cycle, acting as a key regulator of tumor pathogenesis (11). Initial

studies on KLF14 focused on lipid and glucose metabolism (12).

Recent studies revealed that KLF14 was downregulated in colorectal

cancer, breast cancer, lymphoma, cervical cancer, cancer of the floor

of the mouth, and pancreatic cancer (13–18). KLF14 can inhibit

cancer in colorectal cancer, breast cancer, hepatocellular carcinoma,

and other tumors (13, 15–17, 19). KLF14 inhibition caused centriole

amplification, aneuploidy, and spontaneous tumorigenesis—while

forced expression of KLF14 generated mitotic abnormalities and

increased DNA damage (20). Previous studies of my research group

found that KLF14 targets ITGB1, promotes apoptosis through the

PI3K/AKT signaling pathway, and inhibits the progression of

cervical cancer (18). However, the effect and mechanism of

KLF14 on the cervical cancer cell cycle have not been unclear.

The mitogen-activated protein kinase (MAPK) signaling

pathway is a crucial signal transduction pathway in cells, and its

members include c-Jun N-terminal kinase (JNK), extracellular

signal-regulated kinase (ERK), and p38 MAPK. MAPK signaling

pathway participating in many important life processes such as cell

cycle, proliferation, apoptosis, migration, and invasion. The

occurrence and development of obesity, diabetes, cancer, and

other diseases are closely related to the activation of this pathway

(21–23). Research showed that KLF14 relies on MAPK signaling

pathways to increase oxidative adaptation in castration-resistant

prostate cancer (24). KLF14 may affect the expression of cellular

inflammatory factors through the MAPK signaling pathway and

play an important role in the middle stage of atherosclerotic lesion

formation (25). At present, the relationship between KLF14 and

MAPK signaling pathway is rarely studied in tumors. As a key

kinase regulating to entry and progression of the S phase, CDK2

mainly binds to the cell cycle protein CyclinA2 and plays a role. In

multiple myeloma, cervical cancer, and hepatocellular carcinoma,

the MAPK signaling pathway is closely associated with CDK2 and
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cyclin A2 (26–28). Therefore, we considered whether KLF14,

CDK2, CyclinA2 and MAPK signaling pathways are correlated to

affect the cell cycle of cervical cancer.

In this study, we investigated whether KLF14 can inhibit the

proliferation and induce S-phase arrest of cervical cancer cells.

Moreover, we further explored whether KLF14 regulates CDK2 and

CyclinA2, and plays an inhibitory role in the progression of cervical

cancer by regulating the JNK/MAPK signaling pathway.
2 Materials and methods

2.1 Cell culture

Human cervical cancer cells, including SiHa, HeLa, C33a, and

Caski cells, were purchased from the Chinese Tissue Culture

Collections (CTCC, China) and the American Type Culture

Collection (ATCC, USA). These cells were cultured in DMEM

(Gibco, USA) containing 10% fetal bovine serum (FBS, Gibco, USA)

and 1% penicillin/streptomycin mix and incubated in a constant-

temperature incubator at 37°C with 5% CO2.
2.2 Cell transfection

The KLF14 mRNA expression level of cervical cancer cells was

detected by qRT-PCR. SiHa and HeLa cells with low endogenous

KLF14 expression were selected for overexpression.

KLF14 overexpression lentivirus (OE-KLF14) and its negative

control lentivirus (OE-Ctrl) were constructed by GeneChem

(Shanghai, China). OE-KLF14 and OE-Ctrl were infected into

SiHa or HeLa cells.

Construct KLF14 zinc finger mutant lentivirus. The

transcription factor KLF14 contains three zinc finger structures.

The CDS sequence of KLF14 and the amino acid sequence

corresponding to the structure of three zinc fingers were retrieved

from NCBI (Figure 1A). By using gene editing technology to delete

specific base sequences to obtain base sequences that retain specific

zinc finger structures, which is the target sequence. For example,

when OE-KLF14-1 lentivirus was constructed, the base sequences

corresponding to the first zinc finger structure were deleted, while

the base sequences corresponding to the second and third zinc

finger structures were retained. PCR was used to amplify the target

fragment. The skeleton vector pHS-AVC-1403(PLV-TRE-MCS-

3FLAG-HEF1A-RITTA-P2A-PURO) was used to construct the

KLF14 zinc-finger mutant plasmids. The amplified target

fragment and skeleton carrier were digested with the same

restriction enzyme EcoRI. After the digestion was completed, the

respective target bands were recovered by agar-gel electrophoresis.

After recovering the target bands to obtain the recovered products,

T4 ligase was used to connect the recovered products of the target

fragment and skeleton carrier. Construct KLF14 zinc finger mutant

plasmid. After plasmid amplification, electrophoresis quality

control, lentivirus packaging, and quality testing, KLF14 zinc

finger mutant lentivirus was finally obtained (Figure 1B). The

construction of mutant protein of zinc finger structure of
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transcription factor KLF14 can be seen in the Chinese patent

applied by the author (patent number: CN116514947A). KLF14

zinc finger mutant lentivirus (OE-KLF14-1, OE-KLF14-2, OE-

KLF14-3) was purchased from Beijing Hopson Biotechnology Co.,

Ltd. SiHa cells were infected with KLF14 zinc finger structure

mutant lentivirus (Figure 1B). Stable cell clones were obtained

after screening with 5mg/ml puromycin.
2.3 Validation of infection efficiency

Cells were cultured with complete medium with doxorubicin

(DOX, 5mg/ml, CST, #HY-N0565B) for 24h which can induce

KLF14 expression in cervical cancer cells and the infection

efficiency was verified by qRT-PCR and Western blotting.

The mRNA expression of KLF14 in the OE-KLF14 group and

control group was detected by qRT-PCR. Total RNA was extracted

from stably transfected cells with total RNA rapid extraction kit (Feijie,

China). Total RNA (1 mg) was reverse-transcribed into first-strand

complementary DNA using a PrimeScript® RT Reagent Kit (TaKaRa,
Frontiers in Immunology 03
Japan). PCR was performed with a SYBR Green PCR Kit (TaKaRa,

Japan) using Bio-Rad CFX96. Primers for KLF14 (Sangon Biotech,

China) were listed as follows, KLF14 Forward: 5′-TTCATCCAG
GGGAGGTACAAC-3′; KLF14 Reverse: 5′-CCAGGAGTTACT
TCTATGCCTGA-3′ ; b-actin Forward: 5′-AGTTGCGTT

ACACCCTTTC-3 ′ , b - ac t in Rever se : 5 ′ -CCTTCACC

GTTCCAGTTT-3′. All samples were normalized to b-actin levels.

Gene-specific relative mRNA levels were calculated by the standard

equation 2-(DCT sample-DCT control).

The protein expressions of Flag and KLF14 in the OE-KLF14

group and control group were detected by Western blotting.

The total cell protein was exacted with RIPA and sample buffer

solution (Beyotime,China). Equal amounts of proteins were

separated by 12.5% SDS-PAGE (Epizyme, China) and transferred

onto 0.45 mM PVDF membranes (Millipore, America). After being

blocked with 5% skimmilk power for 1 h and washed three times by

TBST. The membranes were incubated with the primary antibodies

KLF14 (1:1000, #PA5-23784, Thermo Fisher), Flag (1:1000, #14793,

CST), and b-Actin antibody (1:1000, BM0627,Bode Biological

Engineering Co, LTD) at 4°C overnight.
A

B

FIGURE 1

Construction of mutant protein of zinc finger structure of transcription factor KLF14. (A) KLF14 protein contains three highly conserved zinc finger
structures, and their corresponding cDNA sequences and CDS sequences were queried from NCBI. (B) The cDNA sequence corresponding to the
structure of the first, second, or third zinc finger is deleted by gene editing technology, and the edited target fragment is amplified by PCR; The
skeleton vector pHS-AVC-1403 was linearized and connected with the amplified target fragment to construct KLF14 zinc finger mutant plasmid. The
constructed final plasmid was packaged into the KLF14 zinc finger mutant lentiviruses OE-KLF14-1, OE-KLF14-2, and OE-KLF14-3. SiHa cells were
infected with lentivirus and the mutant protein of KLF14 zinc finger structure was stably expressed in the cells.
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The membranes were washed three times with TBST.

Membranes were incubated with suitable secondary antibodies

goat anti−mouse IgG (1:3000, 7076S, CST) or goat anti−rabbit

IgG (1:3000, 7074S, CST) at room temperature for 1 h. The

membranes were washed three times with TBST.

ECL chemiluminescence (Millipore, America) was utilized to

detect the blots. Protein levels were normalized to b-Actin. ImageJ

was applied to measure the gray value of the strip. Relative protein

expression = (the experimental group’s target protein/the

experimental group’s b-Actin)/(the control group’s target protein/
the control group’s b-Actin).
2.4 Cell cycle detection

We examined the cell cycles of cervical cancer cells in the

groups designated as OE-Ctrl, OE-KLF14-1, OE-KLF14-2, OE-

KLF14-3, and OE-KLF14. Cervical cancer cells in the OE-Ctrl

and OE-KLF14 groups were left untreated or treated with

SP600125 (#HY-12041, MCE)/anisomycin (#HY-18982, MCE) to

measure the effects of JNK-pathway activation levels on cell cycle.

We used trypsin to digest the cells and washed them with pre-

cooled PBS twice. Cells were counted using the Countstar

Automated Cell Counter (Ruiyu, Shanghai) and the cell

concentration was adjusted to 1×106 cells/ml. We added one

milliliter of cellular suspension to each 1.5-ml EP tube, and after

centrifugation the supernatant was discarded and 500 ml of pre-
cooled 70% ethanol was added. After fixation at 4°C for 4 h, the cells

were centrifuged and the supernatant was again discarded. Cells

were then resuspended with 500 ml of pre-cooled PBS, centrifuged,

and the supernatant was discarded. The cells were re-suspended

with 100 ml of RNase (Solarbio, China) and incubated in water at

37°C for 30 min. All cells were treated with 400 ml of PI staining
solution (Solarbio, China) at 4°C in the dark for 30 min. The cells

were passed through a 200-mesh filter before flow cytometry

(Agilent, China) was implemented to analyze the cell cycle of the

various groups.
2.5 CDK2 mRNA expression

We applied qRT-PCR to measure CDK2 mRNA expression

levels of the OE-Ctrl and OE-KLF14 groups. Cervical cancer cells in

the OE-Ctrl and OE-KLF14 groups were treated with or without

SP600125/anisomycin to determine the effects of JNK-pathway

activation levels on CDK2 expression (the methods used were the

same as 1.3). Primers for CDK2 were listed as follows: CDK2

Forward: 5′-TTCATCCAGGGGAGGTACAAC-3′ ; CDK2

Reverse: 5′-CCAGGAGTTACTTCTATGCCTGA-3′.
2.6 Expression of CDK2, CyclinA2 and
MAPK pathways

We used western blotting to evaluate the expression of CDK2,

CyclinA2, and MAPK pathway related molecules in the OE-Ctrl and
Frontiers in Immunology 04
OE-KLF14 groups. Primary antibodies P38(1:1000, #8690), p-P38

(1:1000, #4511), JNK(1:1000, #9252), p-JNK(1:1000, #4668), ERK

(1:1000, #4695), p-ERK(1:1000, #4370), CDK2(1:1000, #18048) were

purchased from CST, USA. Primary antibodie CyclinA2 (1:1000,

#ab181591) was purchased from Abcam. We treated cervical cancer

cells with or without SP600125/anisomycin to measure the effects of

JNK-pathway activation levels on CDK2 and CyclinA2 expression. The

methods used were the same as 1.3.
2.7 Xenograft assay in vivo

Female 4-week-old BALB/c (nu/nu) nude mice were purchased

from Vital River Lab Animal Technology Co., Ltd. (Beijing, China).

5×106 cells suspended 200 ml PBS were injected subcutaneously in

to mice (n=8). SiHa cells of the OE-KLF14 group and OE-Ctrl

group were injected subcutaneously into the right and left axilla of

nude mice, respectively. During the modeling period, subcutaneous

tumour growth was observed every 5 days. The tumour volume was

calculated using the formula V = (larger diameter) × (smaller

diameter)2/2. The growth curve of tumour volume was drawn.

Approximately forty days later, the nude mice were euthanized

under anesthesia. The tumours had formed under the skin were

removed, photographed, weighed, and frozen at -80°C. The tumour

tissue proteins of the OE-control group and OE-KLF14 group were

extracted by JXFSTPRP-24 tissue homogenizer (Jingxin, Shanghai)

for Western blotting, and the expression of KLF14, CDK2,

CyclinA2, and MAPK pathway related molecules in tumour

tissues was detected. This experiment was approved by the Ethics

Committee of the First Affiliated Hospital of Shandong First

Medical University (SYDWLS2020016), animal experiments

strictly complied with national laws, regulations, and standards

related to experimental animals, including the Regulations on the

Management of Experimental Animals and the Guidelines for

Ethical Review of Experimental Animal Welfare, and referred to

the consensus of relevant guidelines on animal experimental

research reports in international biomedical journals

(ARRIVE Guidelines).
2.8 Statistical processing

All experiments were analyzed with GraphPad Prism 8.0.1

and SPSS 25.0. The Shapiro-Wilk(S-W) test was used to assess

whether the data were normal distributed. The normal

distribution was represented by Mean ± SEM. Independent

sample t-test was used for comparison between two

independent samples, paired sample t-test was used for

comparison between paired samples, and one-way ANOVA was

used for comparison in more than two groups. For data that did

not conform to normal distribution, the Mann-Whitney test was

used for comparison between two independent samples, the

Wilcoxon rank sum test was used for the comparison between

paired samples, and the Kruskal-Wallis test was used for

comparison in multiple independent samples. a=0.05 was used as

the test level, and P < 0.05 was considered statistically significant.
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3 Results

3.1 Construct cervical cancer cell lines that
stably overexpressed KLF14

The KLF14 mRNA expression levels in SiHa, HeLa, C33A, and

Caski cervical cancer cell lines were measured (1.470±0.543, 0.636

±0.085, 11.053±0.46852, 28.660±0.590, respectively). As the KLF14

expression levels in SiHa and HeLa cells were lower than in C33A

and Caski cells (P<0.001), we selected the former two cell lines for

subsequent experiments (Figure 2A). Compared with the OE-Ctrl

group, the KLF14 mRNA expression level of the OE-KLF14 group

was elevated (PSiHa<0.001, PHeLa=0.008) (Figure 2B), and KLF14

protein expression levels were augmented in the latter group

(PSiHa<0.001, PHeLa=0.002); the expression level of Flag protein

was also increased (PSiHa<0.001, PHeLa=0.001) (Figure 2C). We thus

successfully constructed SiHa and HeLa cell lines that stably

overexpressed KLF14.
3.2 KLF14 induces S-phase arrest

After KLF14 overexpression, our statistical distribution of cell-

cycle data for cervical cancer cells showed that the G0/G1 phase of

the HeLa OE-Ctrl group (P=0.011) and the G2/M phase of the HeLa

OE-KLF14 group (P=0.008) were not normally distributed. The

ratio of cells in G0/G1 in the SiHa OE-KLF14 group was reduced

relative to the control group (P<0.001), and the ratio of cells in the S
Frontiers in Immunology 05
phase was increased in the former (P=0.005)—with no statistically

significant difference in the ratio of cells in the G2/M phase

(P=0.058) (Figure 3). The ratio of cells in G0/G1 in the HeLa OE-

KLF14 group was reduced relative to the control group (P<0.049)

and the ratio of cells in the S phase was increased in the former

(P<0.001)—with no statistically significant difference in the ratio of

cells in the G2/M phase (P=0.275) (Figure 3). Thus, we observed

that KLF14 overexpression augmented the ratio of S-phase cells and

reduced the ratio of the G0/G1 phase cells in cervical cancer,

inducing S-phase arrest in cervical cancer cells.
3.3 The KLF14 zinc finger structure is
essential for KLF14-induced S-phase arrest

Transcription factors achieve their biological effects by binding

to promoters, and this process requires specific protein structures

such as zinc fingers. KLF14 contains three zinc fingers that are

closely associated with cell-cycle arrest (29).

To clarify the relationship between the KLF14 zinc finger and

the cell cycle, we deleted the base sequence corresponding to the

first zinc finger structure of KLF14 by gene editing technology and

retained the base sequence corresponding to the second and third

zinc finger structures. According to the steps in 1.2, KLF14 zinc

finger mutant lentivirus OE-KLF14-1 was constructed. And so on,

the lentivirus without the second zinc finger structure (OE-KLF14-

2) and without the third zinc finger structure (OE-KLF14-3) was

constructed. SiHa cells were infected with KLF14 zinc finger
A B

C

FIGURE 2

Construct CC cell lines that stably overexpressed KLF14. (A) KLF14 mRNA expression level of wild-type CC cells by qRT-PCR assay. (B, C) The
transfection efficiency of KLF14 overexpressed lentivirus in SiHa and HeLa cells was detected by qRT-PCR and Western blotting (**P < 0.01,
***P < 0.001).
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structure mutant lentivirus. SiHa cell lines OE-Ctrl, OE-KLF14-1,

OE-KLF14-2, OE-KLF14-3, and OE-KLF14 groups were used for

cell-cycle testing. Statistical results showed that the cell proportion

of each cell cycle was normally distributed. One-way ANOVA

showed that there were statistically significant differences in the

ratios of cells in the G0/G1 and S phases (PG0/G1<0.001, PS<0.001)

but that there was no difference in the G2/M phase (PG2/M=0.061).

Pairwise comparisons of statistically significant differences revealed

that the OE-KLF14-1 and OE-KLF14-3 groups did not differ

concerning the G0/G1 phase; likewise, OE-KLF14-1 and OE-

KLF14-3 did not differ concerning the S phase (all P>0.05).

Pairwise comparisons of the remaining groups showed that the

differences were statistically significant (P<0.001). KLF14-induced

S-phase arrest in cervical cancer cells was therefore associated with

the presence of the zinc fingers, and the loss of any zinc finger

diminished cell-cycle regulation compared with function before

mutation (Figure 4).
3.4 KLF14 promotes JNK-pathway
activation and expression of CDK2 and
CyclinA2 in cervical cancer cells.

The phosphorylation levels of JNK, ERK, and P38 reflect the

activation status of the MAPK-signaling pathway, and our results

depicted the relative expression levels of p-JNK/JNK, p-ERK/ERK,

and p-P38/P38 proteins in the four groups as normally distributed.
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In the OE-KLF14 group, p-JNK/JNK was augmented compared to

the control group (PSiHa=0.014, PHeLa=0.004), while p-P38/P38 did

not differ (PSiHa=0.516, PHeLa=0.560). In the SiHa OE-KLF14 group,

p-ERK/ERK was diminished compared with the control group

(PSiHa=0.039). There was no difference in p-ERK/ERK between

the HeLa OE-KLF14 group and the control group (PHeLa=0.334)

(Figure 5A). These results showed that KLF14 promoted JNK

pathway activation in cervical cancer cells.

During cell-cycle regulation, critical molecules mediate cell-

cycle changes, and these occupy a vital role in cancer cell

proliferation. CDK2 principally drives cells to enter the S phase

and regulates S-phase progression, and CyclinA2 binds to CDK2 to

perform its effects and participates in the S phase of the cell cycle.

When extracted mRNA from the cells of the different groups for

qRT-PCR, we observed that the expression of CDK2 mRNA in the

OE-KLF14 group was increased compared with the control group

(PSiHa<0.001, PHeLa<0.001), indicating that KLF14 promoted the

expression of CDK2 mRNA in cervical cancer cells (Figure 5B).

The protein expression levels of CDK2 and CyclinA2

conformed to a normal distribution. CDK2 protein expression

was increased in the OE-KLF14 group compared with the control

group (PSiHa=0.043, PHeLa<0.001), and CyclinA2 protein expression

was increased (PSiHa=0.012, PHeLa=0.015) (Figure 5C), showing that

KLF14 promoted CDK2 and CyclinA2 protein expression in

cervical cancer cells.

To further examine the correlation among KLF14-induced S-

phase arrest, promotion of CDK2 and CyclinA2 expression, and
FIGURE 3

The S-phase arrest by KLF14 was observed in CC cells. SiHa and HeLa in the OE-KLF14 group and OE-Ctrl group were stained with PI dye, and DNA
content was detected by flow cytometry. The cell cycle was divided according to the DNA content. (*P < 0.05, **P < 0.01, ***P < 0.001).
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FIGURE 4

The KLF14 zinc finger structure is essential for KLF14-induced S-phase arrest. The first, second, and third zinc finger structures of KLF14 were
missing respectively to construct zinc finger mutant CC cell lines: SiHa OE-KLF14-1, SiHa OE-KLF14-2, SiHa OE-KLF14-3. PI staining and
flow cytometry were used to detect DNA content in mutant groups, which were compared with the SiHa OE-KLF14 and SiHa OE-Ctrl groups.
(***P < 0.001).
A B

C

FIGURE 5

KLF14 promotes JNK-pathway activation and expression of CDK2 and CyclinA2 in CC cells. (A) Expression of JNK, p-JNK, ERK, p-ERK, p38, and p-
p38 by Western blot assay. (B) Expression of CDK2 by qRT-PCR assay. (C) Expression of CyclinA2 and CDK2 by Western blot assay. Statistical analysis
was conducted at the same time. (*P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance).
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activation of the JNK pathway, we adopted a highly specific JNK-

phosphorylation inhibitor (SP600125) or agonist (anisomycin) to

treat cervical cancer cells in the following experiments.
3.5 KLF14 induces S-phase arrest of
cervical cancer cells and promotes the
expression of CDK2 and CyclinA2 by
activating the JNK-signaling pathway

Control and experimental groups (+S/+A) were set up in OE-

Ctrl and OE-KLF14 groups. The control group was treated with

doxorubicin (DOX) for 24 h and the experimental group was

treated with the JNK-phosphorylation inhibitor (+S, 0.125 mM
SP600125)/agonist (+A, 20 mM anisomycin) and DOX for 24 h.

After SP600125 treatment, the ratio of cells in the S phase in the

OE-KLF14+S group was lower than in the control group

(PSiHa=0.020, PHeLa<0.001) (Figures 6A, B). We noted that

inhibition of JNK-pathway activation reversed KLF14-induced S-

phase arrest and that after anisomycin treatment the ratio of cells in

the S phase in both the OE-KLF14+A and OE-Ctrl+A groups was

elevated relative to their respective control group (PSiHa<0.001,

PHeLa=0.014; and PSiHa=0.001, PHeLa<0.001; respectively)

(Figures 6C, D). These results showed that KLF14 induces S-

phase arrest of cervical cancer cells by activating the JNK-

signaling pathway.

After SP600125 treatment, the CDK2mRNA expression level in

the OE-KLF14+S group was lower than its control group (all

P<0.001) (Figures 7A, B), indicating that inhibition of JNK-

pathway activation reversed KLF14-induced CDK2 mRNA

expression in cervical cancer cells. After anisomycin treatment,

the CDK2 mRNA expression level of the OE-KLF14+A group was
Frontiers in Immunology 08
increased relative to its control group (PSiHa<0.001, PHeLa=0.030)

(Figures 7C, D). This showed that KLF14 increases CDK2 mRNA

expression by activating the JNK pathway in cervical cancer cells.

After SP600125 treatment, the p-JNK/JNK ratio and the protein

expression of CDK2 and CyclinA2 in the OE-KLF14+S group was

lower than in its control group (PSiHa<0.001, PHeLa=0.049; PSiHa <0.001,

PHeLa <0.001; PSiHa=0.006, PHeLa<0.001) (Figures 8A, B). This

demonstrated that inhibition of JNK-pathway activation reversed

KLF14-induced CDK2 and CyclinA2 protein expression in cervical

cancer cells. After anisomycin treatment, the p-JNK/JNK ratio and the

protein expression of CDK2 and CyclinA2 in the OE-KLF14+S group

was elevated relative to its control group (PSiHa <0.001, PHeLa <0.001;

PSiHa=0.049, PHeLa<0.001; PSiHa=0.001, PHeLa<0.001) (Figures 8C, D).

This result revealed that promoting JNK-pathway activation by KLF14

promoted CDK2 and CyclinA2 protein expression in cervical

cancer cells.

The above experiments revealed that KLF14 activated the JNK-

signaling pathway to induce S-phase arrest and promote CDK2 and

CyclinA2 expression in cervical cancer cells.
3.6 KLF14 restrains the growth of cervical
cancer xenografts in vivo

We constructed a subcutaneous tumour-bearing nude mouse

model and plotted its tumour growth curve (Figure 9A). S-W

normality testing revealed that tumour volumes in the

experimental groups on Day 25 (P=0.003) and Day 35

(P=0.046) were not normally distributed while the remaining

tumour volumes followed a normal distribution. When we

compared tumour volumes between the OE-KLF14 group and

its control group, we ascertained no difference on Day 5 (P=0.076)
A B

DC

FIGURE 6

KLF14 induces S-phase arrest in CC cells by activating the JNK pathway. OE-KLF14 group and OE-Ctrl group were treated with 20mmol/l SP600125
(A, B) or 0.125mmol/l anisomycin (C, D) to inhibit/promote JNK pathway activation. The proportion of cell cycle in each group was detected by flow
cytometry and statistically analyzed (*P < 0.05, **P < 0.01, ***P < 0.001).
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but noted a significant difference on Days 10 (P=0.003), 15

(P=0.004), 20 (P=0.006), 25 (P=0.012), 30 (P=0.002), 35

(P=0.012), and 40 (P=0.005). On Day 40 of model construction,

the nude mice were euthanized under anesthesia. The tumours

that had formed under the skin were removed and photographed

(Figure 9B). Our results showed that tumours in the experimental

group weighed less than in the control group (P=0.012)

(Figure 9C) and that KLF14 inhibited the proliferation of
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cervical cancer cells in vivo. For further verification, we explored

the expression of KLF14 and other related molecules in tumour

tissues. According to the Western blot, the expression of KLF14,

CDK2, CyclinA2, and p-JNK/JNK were upregulated (PKLF14 =

0.008, PCDK2 = 0.002, P CyclinA2 = 0.009, Pp-JNK/JNK<0.001), while

p-ERK/ERK and p-P38/P38 did not differ (Pp-ERK/ERK=0.154, Pp-

p38/p38 = 0.097) in the OE-KLF14 group compared with the OE-

Ctrl group (Figure 9D).
A B

DC

FIGURE 7

KLF14 promoted CDK2 mRNA expression in CC cells by activating the JNK pathway. OE-KLF14 group and OE-Ctrl group were treated with 20mmol/l
SP600125(A, B) or 0.125mmol/l anisomycin (C, D) to inhibit/promote JNK pathway activation. The mRNA expression of CDK2 in each group was
detected by qRT-PCR. (*P < 0.05, **P < 0.01, ***P < 0.001).
A

B D

C

FIGURE 8

KLF14 promotes the expression of CDK2 and CyclinA2 proteins in CC cells by activating the JNK pathway. OE-KLF14 group and OE-Ctrl group were
treated with 20mmol/l SP600125(A, B) or 0.125mmol/l anisomycin (C, D) to inhibit/promote JNK pathway activation. Expression of JNK, p-JNK,
CDK2, and CyclinA2 by Western blot assay. (*P < 0.05, **P < 0.01, ***P < 0.001).
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4 Discussion

Cervical cancer is an invasive type of cancer and the fourth most

common cancer in women worldwide (30). Most patients are at a

clinically advanced stage when they are diagnosed, and our

understanding of the potential molecular and genetic mechanisms

underlying cervical cancer is limited (31). For this study, we

primarily sought molecules associated with cervical cancer

tumorigenesis and progression and provided novel targets for

cervical cancer treatment.

SP/KLF proteins are members of a transcription factor family that

is characterized by three highly conserved zinc fingers that interact with

DNA. Investigators have demonstrated the presence of SP/KLF

transcription factors in many tissues and that they regulate cellular

proliferation, differentiation, apoptosis, and tumorigenesis (32). As a

member of this family, KLF14 occupies unique positions in signaling

pathways, proliferation, and cellular differentiation. Studies on KLF14

have in recent years gradually expanded to include tumorigenesis and

immune regulation (12, 33). KLF14 binds to the miR-1283 promotor

and enhances expression to inhibit the progression of HER2+ breast

cancer (34). KLF14 suppressed breast cancer cell invasion and M2

macrophage polarization through modulating SOCS3/RhoA/Rock/

STAT3 signaling (16).

Cell-cycle progression constitutes the principal mechanism

underlying the regulation of cellular growth (35, 36), and many
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cytotoxic agents and DNA-damaging agents arrest the cell cycle at

the G0/G1, S, or G2/M phases before inducing cell death (37, 38). The

cell cycle is regulated by cyclin-dependent kinases (CDKs) and their

cell-cycle protein partners. Among CDKs that regulate cell cycle

progression, CDK2 is a critical kinase that regulates S-phase entry

and progression and binds to CCNA2 to accomplish its effects (39). In

HeLa cells, KLF14 overexpression caused a threefold increase of cells in

the G2/M phase. KLF14 leads to an increase in the proportion of cells

in M-phase. KLF14 remarkably increases the levels of cyclin B1 and

phosphor-histone H3 (two mitosis markers). Whereas KLF14-ZF2

(deletion of zinc finger 2 in KLF14) has no such effects. Co-expression

of PIK4 only partially blocked KLF14 overexpression-induced cell cycle

arrest at G2/M-phase, suggesting that mechanisms other than PIK4

inhibition also contribute to KLF14 overexpression-induced cell cycle

arrest (20). Our group previously employed CCK-8 and colony-

formation assays, and subcutaneous tumorigenesis experiments in

nude mice to show that KLF14 inhibited the proliferation of cervical

cancer cells. We used flow cytometry to demonstrate that KLF14

promoted apoptosis of cervical cancer cells, and in our mechanistic

exploration, we found that it targets ITGB1 to regulate downstream

PI3K/AKT signaling—thus promoting apoptosis (18). The results of

the present study further showed that KLF14 induces S-phase arrest in

cervical cancer and activates the JNK pathway to promote the

expression of CDK2 and CCNA2 in cervical cancer cells, with its

zinc fingers participating in the induction of S-phase arrest.
A B

D

C

FIGURE 9

KLF14 inhibited CC cell proliferation in vivo. (A) The effects of KLF14 on proliferation and related protein expression in vivo were investigated in Subcutaneous
xenograft studies. SiHa OE-Ctrl and SiHa OE-KLF14 were injected subcutaneously into the left and right axillae, respectively. The results showed that tumour
growth was faster in the OE-Ctrl group than in the OE-KLF14 group. (B) Forty days later, the nude mice were euthanized under anesthesia, and the size of
subcutaneous tumours in the OE-KLF14 group was smaller than that in the OE-Ctrl group. (C) The weight of the subcutaneous tumor in the OE-KLF14
group was lower than that in the OE-Ctrl group. (D) Expression of KLF14, p-JNK/JNK, CDK2, and CyclinA2 by western blot assay was upregulated in the OE-
KLF14 group compared with the OE-Ctrl group in tumour tissues. (*P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance).
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JNK, ERK, and p38 proteins in the MAPK-signaling pathway are

major mediators of the cellular responses to extracellular signals and

play critical roles in tumor survival, proliferation, and cell-cycle

progression. JNK pathways are activated by a variety of extracellular

stimuli (e.g., cytokines, pathogens, morphogenic factors, hormones) as

well as intracellular stimuli (e.g., oxidative stress, DNA damage). About

JNK nucleo-cytoplasmic trafficking, JNK kinases can change their

subcellular localization upon pathway activation via either

preferential nuclear localization or enhanced nuclear retention. A

study by Fujimoto revealed that the JNK and ERK-signaling

pathways were crucial in NFD(naphtho[1,2-b]furan-4,5-dione)-

induced S-phase arrest and apoptosis in MDA-MB-231 cells (39).

KLF14 and the MAPK-signaling pathway are also closely correlated

with the expression of inflammatory factors in oxidative adaptation in

prostate cancer and atherosclerosis (24, 25). As a transcription factor

located in the nucleus, KLF14 may affect the activation of the JNK

pathway through intracellular stimulation. The results suggest that

KLF14 promoted JNK-pathway activation to induce S-phase arrest and

promote the expression of CDK2 and CCNA2 in cervical cancer cells.

However, the exact mechanism by which KL14 directly or indirectly

regulates JNK activity needs to be further explored (40).

In summary, this study revealed that KLF14 inhibited the

proliferation of cervical cancer cells in vivo, and we for the first

time determined that KLF14 induced S-phase arrest in cervical cancer

cells and that the action was related to its zinc-finger structure. KLF14

also activated the JNK pathway to induce S-phase arrest and

promoted the expression of CDK2 and CCNA2. We therefore

demonstrated a role for KLF14 in regulating the cell cycle in

cervical cancer and uncovered its underlying mechanism of action.

This study, thus, provided novel concepts for genetic engineering

studies, and we created a theoretical basis for the further development

of genetically engineered drugs to treat cervical cancer. We also

validated several important molecular sites where KLF14 achieved its

effects. The presence of zinc fingers in KLF14 promotes S-phase

arrest in cervical cancer cells, and we postulate that this aspect will

generate a basis for targeted therapy in cervical cancer and a

theoretical platform for the development of cervical cancer

biopharmaceuticals. As many signaling pathways participate in the

cell cycle and since the regulatory network of KLF14 is complex, we

only ascertained a correlation among KLF14, the JNK pathway, and

cell cycle-related proteins. However, the specific molecular targeting

mechanisms remain unclear. In future studies, our research group

will further examine the role of KLF14 and discern its underlying

mechanisms of action in various oncological behaviors in cervical

cancer, thereby providing a novel foundation for the development of

therapeutic drug targets of KLF14.
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