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Background: This study aimed to investigate the function of miR-484 in C33A cells, as well as its mechanism.

Methods: The mRNA expression patterns of miR-484 and Kiriippel-like factor 12 (KLF12) in C33A cells were detected by
quantitative reverse transcription polymerase chain reaction. MiR-484 mimics and miR-484 negative controls were transfected into
C33A cells. Luciferase reporter assay was used to confirm the binding of miR-484 and KLF12. The effects of miR-484 on cell
viability, migration, invasion, and apoptosis were assessed using the cell counting kit-8 assay, wound healing assay, Transwell assay,
flow cytometry, and Western blot. Rescue experiments were performed by overexpressing KLF12. Western blot was utilized to
examine the expression of KLF12, interleukin-6 (IL-6), Janus Kinase 2, phosphorylated-Janus Kinase 2, signal transducer and
activator of transcription 3 (STAT3), and phosphorylated-STAT3 proteins.

Results: MiR-484 expression was down-regulated in C33A cells, while KLF12 was up-regulated. The luciferase reporter assay
confirmed the direct binding of miR-484 to KLF12. MiR-484 inhibited the proliferation, migration, and invasion of C33A cells while
promoting apoptosis. Additionally, it could inhibit the expression of KLF12 protein and the activation of the IL-6/STAT3 signaling
pathway. However, KLF12 overexpression could reverse the above effects.

Conclusion: MiR-484 can specifically inhibit the KLF12-mediated IL-6/STAT3 signaling pathway, thereby suppressing the malignant
biological behavior of C33A cells.
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Introduction

Cervical cancer (CC) is a well-known gynecological malignancy for residents, with a widespread global prevalence.
Annually, over 500,000 new cases of CC are reported, with approximately 260,000 deaths, posing a major challenge to
women’s health globally." The pathogenesis of CC is primarily attributed to human papillomavirus (HPV) infection,
particularly high-risk HPV types 16 and 18, among others.” The introduction of HPV vaccines has progressively reduced
the incidence and mortality of CC worldwide. However, due to economic disparities among different countries and
regions, HPV vaccination coverage remains incomplete.® Additionally, the high incidence and mortality of CC are related
to drug resistance, immune escape, metastasis, and invasion.* The five-year survival rate for CC patients is only 16.5%.°
Therefore, further research into its pathogenesis is necessary to identify novel potential therapeutic targets.

MicroRNA (miRNA) has been found to play a crucial role in various tumor processes, including proliferation,
invasion, apoptosis, migration, and angiogenesis. Therefore, investigating the mechanisms of miRNA is essential for
exploring new cancer therapeutic strategies.® Multiple studies have shown that miRNA-484 is down-regulated in various
cancers, including CC, gastric cancer, colorectal cancer, and lung cancer.””® For example, interference with long non-
coding RNA plasmacytoma variant translocation 1 may suppress the proliferation, invasion and epithelial-mesenchymal
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transition of CC cells (CCC) through miR-484 overexpression.” miR-484 inhibits gastric cancer. By restraining the
expression of CCL-18, miR-484 blocks the phosphoinositide 3-kinase/protein kinase B pathway by suppressing the
expression of CC chemokine ligand 18, thereby inhibiting the malignant process of gastric cancer.® Therefore, miR-484
plays a significant role in various cancers; however, its mechanism of action in CC remains limited. Additionally,
Kriippel-like factor 12 (KLF12) was predicted as the target gene through TargetScan. A literature review revealed that
KLF12 is significantly up-regulated in ovarian cancer tissues and cells'” and has been reported to promote the
proliferation of CCC."" However, studies on KLF12 in CC are limited. Therefore, the purpose of this study was to
investigate the function of miR-484 and KLF12 and their relationship with the malignant biological behavior of CC.

Previous research has demonstrated that the interleukin-6 (IL-6)/signal transducer and activator of transcription 3
(STAT3) signaling pathway is highly expressed in CC.'? A preliminary finding indicates that KLF12-specific siRNA can
significantly reduce IL-6/STAT3 activation.'®> However, whether miR-484 can regulate the IL-6/STAT3 pathway by
targeting KLF12 and participate in CC progression remains unclear. This study aimed to explore the relationship between
miR-484 and KLF12, their roles in CC progression, and their underlying mechanisms, thereby providing experimental
evidence for the mechanistic research and treatment of CC.

Materials and Methods

Cell Culture and Transfection

Human normal cervical epithelial cells (H8) and human CCC (C33A) were derived from the American Type Culture
Collection. All cells were cultivated in a complete medium containing 10% fetal bovine serum (Excell Bio, China), 1%
penicillin-streptomycin (Macklin, China), and 89% Dulbecco’s modified Eagle’s medium (Gibco, China).

MiR-484 mimics and their corresponding negative controls (miR-NC mimics) were synthesized and constructed by
Ruibo Biotechnology Co., Ltd. The KLF12 overexpression (oe-KLF12) plasmid and its corresponding negative control
(0e-NC) were synthesized and constructed by GenePharma. After cell counting, the cells were inoculated into a 6-well
plate at a density of 1x10° cells/well and allowed to adhere until they reached 60-70% confluence. Lipofectamine 3000
reagent (Invitrogen, USA) was used for transfection according to the manufacturer’s instructions.

Cell Counting Kit-8

Following digestion, successfully transfected and non-transfected C33A cells were seeded into 96-well plates. Cell
Counting Kit-8 reagent (final concentration: 10%; Bioss, China) was added to each well 2 h before the completion of
incubation. After incubation, optical density at 450 nm was measured using an enzyme marker, and cell viability was

calculated.

Wound Healing Assay

Cells were seeded into a 6-well plate and cultured until they reached 100% confluence. A pipette tip was then vertically
pressed against the marked line on the back of the plate to create a scratch. Images of the scratch width were captured
under a microscope at 0 h and 24 h, respectively.

Transwell Assay

A suitable amount of Matrigel diluent was added to the Transwell chamber, which was placed in a 24-well plate.
Transfected/non-transfected C33A cells were digested and resuspended. The upper chamber was supplemented with 1 x
105 cells. Then, 600 pL of medium containing 20% fetal bovine serum was added to the lower chamber. Afterward, the
cells were cultured in an incubator at 37°C for 24 h. The un-invaded cells in the upper layer were gently removed, and
the cells in the lower layer were fixed with 4% paraformaldehyde. Subsequently, the cells were stained with crystal violet
(0.2%-0.5%) for 10 min, followed by three washes with pure phosphate-buffered saline. Ultimately, photographs were
taken under a microscope and the cell invasion rate was calculated.
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Flow Cytometry

Cells from different groups were collected and resuspended in an appropriate medium, followed by transfer into the
tubes. Cells were then stained with propidium iodide and Annexin V-fluorescein isothiocyanate (Beyotime, China), and
incubation was conducted. Lastly, 400 uL of 1 X Annexin V Binding Buffer was added, and the analysis was performed

on a machine.'*

Quantitative Reverse Transcription Polymerase Chain Reaction

Cell precipitation from each group was collected. Total RNA was extracted using a kit (Vazyme, China), and the RNA
concentration and purity were determined. The RNA was converted to cDNA using a reverse transcription kit (Vazyme,
China). The relative expression levels of genes were examined using a quantitative reverse transcription polymerase
chain reaction kit (Vazyme, China) and calculated based on the cycle threshold values. The primers sequences used in
this study are listed in Table 1.

Western Blot

Cell precipitation from each group was collected, and total protein was extracted using radioimmunoprecipitation assay
(Beyotime, China). The extracted proteins were then separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and transferred onto polyvinylidene fluoride membranes (Sigma-Aldrich, USA). After sealing and washing, the
membranes were incubated overnight at 4°C with primary antibodies, including B-cell lymphoma 2 (Bcl-2, ab182858,
1:20,000, Abcam), Bcl-2-associated X protein (ab32503, 1:20,000, Abcam), KLF12 (ab129459, 1:20,000, Abcam), IL-6
(ab233706, 1:20,000, Abcam), Janus Kinase 2 (JAK2, phospho Y1007 + Y1008, ab32101, 1:20,000, Abcam), STAT3
(phospho Y705, ab76315, 1:20,000, Abcam), JAK2 (ab108596, 1:20,000, Abcam), STAT3 (ab68153, 1:20,000, Abcam),
and GAPDH (bsm-33033M, 1:50,000, Bioss). On the next day, the membranes were incubated with secondary antibodies
(bs-0295G-HRP and bs-0296G-HRP, 1:20,000, Bioss), and the protein bands were detected and analyzed using an
enhanced chemiluminescent luminescent solution kit (NCM Biotech, China).

Luciferase Reporter Assay

Luciferase reporter gene vectors (Sangon Biotech, China) were constructed with the KLF12 sequence (WT-KLF12)
containing miR-1294 binding site and its mutant sequence (MUT-KLF12). Then, these vectors were co-transfected with
miR-NC and miR-484 mimics, respectively. Luciferase activity in C33A cells was measured 48 h after transfection.

Results
Expression and Interaction of miR-484 and KLFI2 in C33A Cells

The expression levels of both were assessed in H8 and C33A cells to investigate the impact of miR-484 and KLF12 in
CCC. The results revealed that compared to H8 cells, the miR-484 expression was markedly decreased in C33A cells
(P < 0.01), while the KLF12 mRNA expression was significantly raised (P < 0.01, Figure 1A and B). TargetScan was
used to identify the binding site between miR-484 and KLF12 (Figure 1D). To validate the predicted results, luciferase
reporter gene vectors containing either WT-KLF12 or MUT-KLF12 were co-transfected with the plasmid and miR-NC or
miR-484 mimics into C33A cells. The results showed that miR-484 mimics inhibited the luciferase activity of WT-

Table | Primer Sequence

Gene Sequences (5’-3%)

MiR-484 | Forward | GCGCGCAGGCCAGCCC
Reverse | AGTGCAGGGTCCGAGGTATT
KLF12 Forward | CAATTACGCGCTTCTCCAAAC
Reverse | AGATGCTGTCATGGAAACTGG
GAPDH | Forward | ACCACAGTCCATGCCATCAC
Reverse | TCACCACCCTGTTGCTGTA
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Figure | Expression and interaction of miR-484 and KLF12 in C33A cells. (A and B) The expression of miR-484 in H8 and KLFI2 cells was assessed using qRT-PCR. (C) The
luciferase reporter assay was used to assess the binding of miR-484 and KLF|2. (D) TargetScan was utilized to detect the binding of miR-484 and KLF12. **P < 0.0, ***P < 0.001.
Abbreviations: KLF12, Kriippel-like factor 12; qRT-PCR, quantitative reverse transcription polymerase chain reaction.

KLF12 in C33A cells (P < 0.001), with no effect observed on MUT-KLF12 (Figure 1C). These results indicated
a negative regulatory relationship between miR-484 and KLF12.

Effects of miR-484 on the Malignant Biological Behavior of C33A Cells

C33A cells were transfected with miR-484 mimics or miR-NC mimics To further explore the relationship between miR-484
and the malignant progression of CCC. The results exhibited that the expression of miR-484 was remarkably higher in the
miR-484 mimics group than that in the control group (P < 0.001), while no effect was observed in the miR-NC mimics group
(Figure 2A). miR-484 mimics markedly reduced the proliferation, migration, and invasion of C33A cells (P < 0.01,
Figure 2B-D). Additionally, the expression levels of Bcl-2-associated X protein were considerably up-regulated in the
miR-484 mimics group (P < 0.05) while the expression levels of Bcl-2 protein were down-regulated (P < 0.05, Figure 2E).
Overexpression of miR-484 mimics significantly increased the cell apoptosis rate compared to miR-NC mimics. Flow
cytometry analysis showed a higher percentage of apoptotic cells in the miR-484 mimics group, indicated by increased
populations in the Q2 and Q3 quadrants. The bar graph confirms a significant increase in apoptosis (P < 0.001, Figure 2F).

Effects of miR-484 on KLFI2 Expression and the IL-6/STAT3 Pathway

Previously, an investigation was conducted on the interaction and negative synergistic effects between miR-484 and
KLF12. Next, the impact of miR-484 on the expression of KLF12 protein was explored. miR-484 mimics or miR-NC
mimics were transfected into C33A cells, and Western blot was employed to assess the expression of KLF12 protein. The
results displayed that the protein expression of KLF12 was notably reduced in the miR-484 mimics group (P < 0.01,
Figure 3). Knockdown of KLF12 expression has been reported to inhibit C33A cell growth by regulating the IL-6/STAT3
signaling pathway. However, the effect of miR-484 on the KLF12-mediated IL-6/STAT3 signaling pathway remains
unclear. Therefore, Western blot was utilized to measure the expression levels of this pathway-associated proteins. The
results revealed that miR-484 mimics remarkably decreased the expression of IL-6, phosphorylated (p)-JAK2, and
p-STAT3 proteins (P < 0.01, Figure 3), whereas the expression of JAK2 and STAT3 remained unaffected. These findings
indicate that miR-484 mimics inhibit the IL-6/STAT3 signaling pathway.
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Figure 2 Effects of miR-484 on the malignant behaviors of C33A cells. (A) The transfection efficiency of miR-484 mimics was evaluated by qRT-PCR. (B) CCK-8 was used to
detect the OD value. (C and D) Cell migration (C) and invasion (D) were measured by wound healing assay and Transwell assay, respectively. (E) The expression of Bax and
Bcl-2 was assessed using Western blot. (F) Cell apoptosis was evaluated by flow cytometry. *P < 0.05, **P < 0.01, **P < 0.001.
Abbreviations: qRT-PCR, quantitative reverse transcription polymerase chain reaction; CCK-8, Cell Counting Kit-8; OD, optical density; Bcl-2, B-cell lymphoma 2; Bax,

Bcl-2-associated X protein.
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Figure 3 Effects of miR-484 on KLFI2 expression and IL-6/STAT3 signaling pathway. Western blot was employed to measure the expression of KLFI2, IL-6, p-JAK2, JAK2,
p-STAT3, and STAT3 proteins. *P < 0.01.

Abbreviations: KLF12, Kriippel-like factor 12; IL-6, interleukin-6; STAT3, signal transducer and activator of transcription 3; JAK2, Janus Kinase 2; p-JAK2, phosphorylated-
JAK2; p-STAT3, phosphorylated-STAT3.

MiR-484 Regulates the IL-6/STAT3 Signaling Pathway Through the Down-Regulation of
KLF12 to Suppress the Malignant Biological Behavior of C33A Cells

The above results demonstrated that miR-484 mimics significantly inhibited C33A cell proliferation, migration, and
invasion, promoted cell apoptosis, and markedly inhibited the protein expression of KLF12 as well as the activation of
the KLF12-mediated IL-6/STAT3 signaling pathway. Rescue experiments were conducted to confirm whether miR-484
modulates the IL-6/STAT3 signaling pathway by regulating KLF12 to inhibit the malignant biological behavior of C33A
cells. First, the transfection efficiency of KLF12 overexpression was examined by quantitative reverse transcription
polymerase chain reaction. The results revealed that there was no significant difference in KLF12 mRNA between the
control group and the oe-NC group (P < 0.05). Additionally, relative to the control group, the KLF12 mRNA and protein
expression was significantly increased in the oe-KLF12 group (Figure S1). Subsequently, co-transfected miR-484 mimics
and oe-KLF12 vectors were co-transfected into the cells. The malignant biological behavior of C33A cells was analyzed.
The results indicated that oe-KLF12 reversed the inhibitory effects of miR-484 mimics on cell proliferation, migration,
and invasion (P < 0.05, Figure 4A—C), as well as the promoting effect on apoptosis (P < 0.001, Figure 4D and E).

To validate our hypothesis, the pathway-associated proteins were detected. The above outcomes uncovered that miR-
484 significantly inhibited the expression of KLF12 protein and the activation of the KLF12-mediated IL-6/STAT3
signaling pathway. Rescue experiments further revealed that oe-KLF12 reversed the inhibitory effect of miR-484 mimics
on KLF12, IL-6 p-JAK2, and p-STAT3 protein levels in cells (Figure 5). Overall, miR-484 inhibited the malignant
biological behavior of C33A cells by suppressing the expression of KLF12 and the IL-6/STAT3 signaling pathway.

Discussion

CC, a devastating disease, has emerged as the fourth leading cause of cancer-related death.'> Over the past few decades,
significant progress has been made in the prevention and treatment of CC.'° In particular, the introduction of the HPV
vaccine has played a crucial role in preventing CC. Hysterectomy, radiation therapy, and chemotherapy are the most
commonly used treatments for early-stage CC. However, these methods fail to significantly enhance the 5-year survival
rate of patients with middle and advanced-stage CC, and the prognosis of patients with CC is still unsatisfactory due to
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Figure 4 MiR-484 inhibits the malignant biological behaviors of C33A cells by down-regulating the KLFI2 expression. (A) CCK-8 was used to detect the OD value. (B and
C) Cell migration (B) and invasion (C) were determined using a wound healing assay and Transwell assay, respectively. (D) The expression of Bax and Bcl-2 proteins were
assessed using Western blot. (E) Cell apoptosis was evaluated by flow cytometry. *P < 0.05, **P < 0.01, **P < 0.001.

Abbreviations: KLF12, Kriippel-like factor 12; CCK-8, Cell Counting Kit-8; OD, optical density; Bcl-2, B-cell lymphoma 2; Bax, Bcl-2-associated X protein.

recurrence and metastasis.'”'® At present, the molecular basis of CC remains poorly understood. A deeper understanding
of the molecular mechanisms of CC occurrence and development will help identify novel molecular therapeutic targets.

Currently, a substantial body of evidence demonstrates that miRNA plays a critical role in the malignant progression
of CC. For example, miR-195-3p can inhibit the proliferation of CCC by directly targeting BCDIN3 domain containing
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Figure 5 MiR-484 inhibits the IL-6/STAT3 signaling pathway by down-regulating the KLFI12 expression. (A) The expression of KLF12, IL-6, p-JAK2, JAK2, p-STAT3, and
STAT3 proteins was assessed using Western blot. **P < 0.01, ***P < 0.001.

Abbreviations: IL-6, interleukin-6; STAT3, signal transducer and activator of transcription 3; KLFI12, Krippel-like factor 12; JAK2, Janus Kinase 2; p-JAK2, phosphorylated-
JAK?2; p-STAT3, phosphorylated-STAT3.

RNA methyltransferase.”’ MiR-362 inhibits CC progression by directly targeting B cell receptor associated protein 31
and activating the transforming growth factor-p/Sma- and Mad-related protein pathway.?' Consistent with previous
studies, this study revealed that miR-484 was underexpressed in C33A cells, and miR-484 mimics could inhibit the
proliferation, invasion, migration, and apoptosis of C33A cells. Furthermore, this study identified a therapeutic mechan-
ism by which miR-484 regulated the development of CC.

KLF12 is up-regulated in a variety of cancers and promotes the proliferation of breast cancer cells by suppressing the
P21 transcription.”> MiR-650 inhibits the metastasis of ovarian cancer by targeting KLF12 inhibition.'® Bioinformatics
prediction and luciferase reporter assay confirmed that KLF12 was a target gene of miR-484, and there exists a negative
regulatory relationship between them. Additionally, this study revealed that KLF12 was highly expressed in C33A cells,
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which was contrary to miR-484. To further validate the targeted relationship between miR-484 and KLF12, cells were
transfected with miR-484 mimics. The results showed that miR-484 mimics significantly inhibited the expression of
KLF12 protein. Therefore, we hypothesized that miR-484 may suppress the malignant biological behavior of CC by
inhibiting the KLF12 expression. Subsequently, rescue experiments were performed, demonstrating that oe-KLF12
reversed the inhibitory effects of miR-484 mimics on the malignant progression of C33A cells.

Immunotherapy and targeted therapies, such as immune checkpoint inhibitors (eg, Pembrolizumab) and antibody-
drug conjugates (eg, Tisotumab vedotin), have shown significant potential in treating recurrent and metastatic cervical
cancer. Recent studies indicate that combining these therapies with chemotherapy has improved patient survival rates.
Additionally, new pharmacological approaches, such as PARP inhibitors and Bevacizumab, are emerging as effective
treatments.”> Despite these advances, current screening methods, such as Pap smears and HPV testing, still have
limitations in detecting early-stage disease, and treatments like chemotherapy, radiation, and surgery have not signifi-
cantly improved survival for patients with advanced or recurrent cervical cancer. Future studies could explore combining
miR-484 with these novel therapies to further enhance treatment efficacy. miR-484’s ability to inhibit KLF12 and
suppress the IL-6/STAT3 pathway could synergize with immune therapies and targeted treatments, offering a more
comprehensive treatment strategy.”* Thus, miR-484 not only opens new avenues for cervical cancer therapy but also
provides potential for improving the outcomes of novel therapeutic regimens.

Conclusion
The miR-484 expression is down-regulated in C33A cells, while the KLF12 expression is up-regulated. miR-484 can
specifically inhibit the KLF12-mediated 1L-6/STAT3 signaling pathway, thereby inhibiting the malignant biological
behaviors of CCC.
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