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Circular RNAs (circRNAs) are non-coding RNAs (ncRNAs) implicated in the onset and advancement of
various human cancers. Among these, circFOXK2 has been linked to non-small cell lung cancer (NSCLC);
however, its precise functions and underlying molecular mechanisms are not fully understood. This study
shows the first experimental findings that circFOXK2 promotes NSCLC tumor progression by modulating
the miR-328-5p/PKP3 signaling pathway. Levels of circFOXK2, miR-328-5p, and PKP3 were evaluated by
gRT-PCR. Cellular (NSCLSC) proliferation was examined via CCK-8 assays, migratory capacity via wound
healing, and invasive potential via Transwell assays. Potential binding interactions between miR-328-5p and
circFOXK?2 were first assessed using bioinformatic analysis and verified using a dual-luciferase reporter assay
(DLRGAS). Regulatory relationships among circFOXK2, miR-328-5p, and PKP3 were further investigated
through qRT-PCR analysis. Elevated expression of circFOXK2 and reduced levels of miR-328-5p were obser-
ved in NSCLC cell lines and tissues. Functionally, circFOXK2 enhanced cellular propagation, dissemina-
tion, and invasion in vitro. Mechanistic evaluation revealed that circFOXK2 upregulates PKP3 by acting as
an miR-328-5p sponge. The findings demonstrate that circFOXK2 contributes to NSCLC tumorigenesis via
modulation of the miR-328-5p/PKP3 pathway, identifying this signaling axis as a potential therapeutic target

in NSCLC.
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1. Introduction

Globally, lung cancer (LC) persists as a predominant
cause of cancer-related mortality [1,2]. Among them, NS-
CLC comprises approximately 80% of all LC diagnoses
[3] and is distinguished by its markedly poor prognosis.
This epidemiological and clinical burden underscores the
critical necessity for the advancement of innovative and
efficacious therapeutic modalities for NSCLC manage-
ment [4].

Circular RNAs are a recently characterized subclass
of ncRNAs distinguished by their covalently closed loop
configuration [5]. This unique conformation provides
resistance to exonuclease-mediated degradation, giving
circRNAs increased stability compared to linear RNAs.
As a result, circRNAs have gained significant attention
as promising, stable biomarkers for various cancers [6-8].
Growing research has shown that circRNAs play crucial
roles in cancer progression and cellular regulation [9]. One
of the main mechanisms through which circRNAs exert
post-transcriptional regulatory control involves acting as
molecular sponges for miRNAs [10]. By sequestering mi-
croRNAs, circRNAs prevent them from binding to target

mRNAs, thus modulating gene expression. Besides this,
circRNAs can interact directly with proteins, influence
transcriptional processes, regulate translation, and partici-
pate in epigenetic modulation [11]. Recent studies have
implicated circRNAs in the tumorigenesis of various
malignancies [12-15]. For instance, circATP8AT1, contai-
ned within exosomes secreted by gastric cancer (GC)
cells, promotes M2 macrophage polarization through the
circATP8A1/miR-1-3p/STAT6 axis, thus contributing
to tumor advancement [16]. Similarly, circNOX4 drives
NSCLC development by sponging miR-329-5p, resulting
in fibroblast activation protein upregulation and increased
IL-6 expression [17]. CircFOXK2, a specific member of
the circRNA family, has been associated with oncogenic
processes. Previous investigations have shown that cir-
cFOXK?2 accelerates pancreatic cancer progression by
sponging miR-942, although the downstream regulatory
events remain incompletely elucidated [18]. Moreover,
circFOXK?2 has been reported to promote breast cancer
growth via the IGF2BP3/miR-370 signaling axis [19].
Despite these observations, the biological significance and
molecular mechanisms of circFOXK2 in NSCLC have not

x Corresponding author.
E-mail address: 603358673@qq.com (T. Xiang).
Doi: http://dx.doi.org/10.14715/cmb/2025.71.11.5

38


https://portal.issn.org/resource/issn/1165-158X
http://crossmark.crossref.org/dialog/?doi=10.14715/cmb/2025.71.11.5&domain=pdf

https://www.openaccess.nl/en/what-is-open-access

CircFOXK?2 promotes non-small cell lung cancer.

Cell. Mol. Biol. 2025, 71(11): 38-44

been comprehensively investigated.

This study shows that circFOXK2 promotes NSCLC
tumorigenesis by modulating the miR-328-5p/PKP3 si-
gnaling axis in vitro, providing new insights into the mole-
cular pathology of NSCLC and identifying possible tar-
gets for therapeutic intervention.

2. Materials and methods
2.1. Collection of tissue specimens

Tumor tissue specimens, along with respective adja-
cent healthy tissues, were obtained from 35 individuals
diagnosed with NSCLC at the Affiliated People’s Hospital
of Ningbo University after surgical resection. Following
collection, samples were preserved in liquid nitrogen to
maintain RNA integrity. Adjacent tissues represented
those located within 2 cm of the tumor margin, whereas
normal control tissues were collected from sites > 5 cm
away from the primary lesion [20]. Before surgery, pa-
tients did not receive any treatment, i.e., radiotherapy and
chemotherapy. Consent form (written) was collected from
each participant, and the Clinical Research Ethics Com-
mittee of the respective University approved the experi-
mental procedure.

2.2. Cell culture conditions

Human NSCLC cell lines (H661, H460, A549, and
SPC-A1) and the normal bronchial BEAS-2B cell line
were procured from the Institute of Biochemistry and Cell
Biology, Chinese Academy of Sciences (Shanghai, China).
Cells were maintained in DMEM (C3118-0500; VivaCell
Biosciences, China) enriched with 10% heat-inactiva-
ted fetal bovine serum (16140071; Gibco, USA), 100 U/
mL penicillin, and 100 pg/mL streptomycin (PB180120;
Procell, China) under appropriate culture conditions (5%
CO,, 37 °C). Media were replaced at three-day intervals.
Sub-culturing was carried out using 0.25% trypsin-EDTA
(Gibco, 25200056) [21].

2.3. Cell transfection protocol

For circFOXK2 overexpression, the full-length cDNA
sequence was cloned between flanking inverted repeat
sequences within a circular RNA expression vector to
facilitate back-splicing [22]. Specific siRNAs targeting
the back-splice junction region of circFOXK2 were desi-
gned for selective gene silencing. All genetic constructs,
including the overexpression plasmid and siRNAs, were
purchased from GenePharma (Shanghai, China). Moreo-
ver, modulation of miR-328-5p levels was examined using

transfection of cells with synthetic miR-328-5p mimics,
inhibitors (anti-miR-328-5p), and respective negative
controls (NC and anti-NC), all supplied by GenePharma.
SPC-AT1 cells (3 x 10°/mL) were inoculated in 6-well plates
and cultivated for 24 h. Lipofectamine® 2000 (Invitrogen,
USA; 11668019) was used as the transfection reagent
as directed, with dilution of 3 pL in 50 pL of FBS-free
DMEM and standing at 25 °C for 5 min, before mixing
with 50 nM of the respective nucleic acid constructs for
20 min before being added to cells for 4-6 h. Transfec-
tion efficiencies were assessed via qRT-PCR. The siRNA
sequences targeting circFOXK?2 are provided in Table 1.

2.4. qRT-PCR analysis

Total RNA was extracted using TRIzol (Invitrogen;
15596026CN). For circRNA and mRNA detection, the
RNA (1 pg) was reverse-transcribed to cDNA using
TransScript First-Strand c¢DNA Synthesis SuperMix
(AT301-02; TransGen Biotech), with TransScript miRNA
First-Strand cDNA Synthesis SuperMix (TransGen Bio-
tech) used for miRNAs. Next, qRT-PCR was undertaken
using PerfectStart Green qPCR SuperMix (AQ602-01;
TransGen Biotech) on an ABI 7500 Real-Time PCR Sys-
tem (Applied Biosystems, USA). Relative expression of
circFOXK2, miR-328-5p, and PKP3 was assessed using
the 244°T method [23]. Primer sequences were desig-
ned using the NCBI website and verified with BLAST;
sequences are given in Table 2.

2.5. Cell proliferation assessment

Proliferation was assessed using CCK-8 assays
(FC101-01; TransGen Biotech, China) as directed. SPC-
ATl cells (2 x 103/well) were inoculated in 96-well plates
and cultivated for 24 h, which was designated as day 0.
Next, CCK-8 solution (10 uL) was introduced to indivi-
dual wells for an additional 2 h. Absorbance (OD,, ) was
observed using a cMax Plus microplate reader (USA) on
days 1, 2, and 3 [24].

2.6. Wound healing migration assays

Migratory capacity was investigated using wound-
healing assays. SPC-A1 cells were grown in 6-well plates
until 90% confluent. A sterile pipette tip (200 pL) was
applied for scratching the monolayer (time point 0 h), pro-
ducing a cell-free gap. Cells were then kept in FBS-free
medium for 48 h. Closure of the gap was monitored under
light microscopy at 24 and 48 h, and migration distances
were quantified using ImagelJ. Triplicate experiments were

Table 1. siRNA sequences targeting circFOXK2.

SIRNA

circFOXK?2 targeting sequence (5'-3")

si-circFOXK?2

5'-GAAGGUGCACAUUCAGGUUTT-3'

Table 2. Primer sequences used for qRT-PCR analysis.

Genes Forward primers (5'-3") Reverse primers (5'-3")
circFOXK?2 TAATGGCTGACAACTCACA GCTTCTCTCTCTTCTCGCT
. CACCTCATCAGCCCTCTGCGGAGG GCGCTGATGGTTCCCGTGGCCCTCC
cireFOXK2-328MUT GCCACGGGAACCATCAGCGC GCAGAGGGCTGATGAGGTG
GAPDH TCAGTGGTGGACCTGACCTG TGCTGTAGCCAAATTCGTTG
miR-328-5p CCCTGAGCCCCTCCTGCCCCC
U6 CTCGCTTCGGCAGCACA AACGCTTCACGAATTTGCGT
PKP3 ACGTGCATGGGTTCAACAG CTGCTGAGGGCAGGTCAAT
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undertaken [25].

2.7. Transwell invasion assays

The invasive capacity of cells was assessed using 8 um-
pore Transwell inserts (BD Biosciences, USA) following
coating with Matrigel (Corning, USA). Cells (5 x 104) in
serum-free media were inoculated into the top compart-
ment, while the bottom compartment contained media
with 10% FBS. After 36 h, migrated cells were fixed and
stained with methanol and crystal violet (Thermo Scienti-
fic, USA; R40073), respectively, and quantified microsco-
pically [26].

2.8. Colony formation assays

The clonogenic ability of NSCLC cells was examined
through colony formation analysis. In brief, 500 cells were
inoculated in the wells of a 6-well plate and grown for 14
days, with medium replenishment after 3-4 days. Colonies
were fixed in formaldehyde for 20 min, stained with 0.5%
crystal violet for 20 min, rinsed with PBS (thrice), and
counted manually [27].

2.9. Dual-luciferase reporter gene assays

Potential binding between miR-328-5p and the cir-
cFOXK?2 3' untranslated region was predicted using the
Arraystar miRNA target prediction platform, the Circln-
teractome database, and StarBase. These predictions were
verified experimentally using DLRGAs. Wild-type (circ-
FOXK2-WT) constructs with the predicted miR-328-5p
binding site were cloned into the Renilla pGL3 vector
(Promega, USA; E1751), whereas mutant (circFOXK2-
MUT) constructs were generated through site-directed
mutagenesis of the binding site. SPC-A1 cells were co-
transfected with either WT or mutant vectors and miR-
328-5p mimics or negative control oligonucleotides (miR-
NC). Luciferase activities were assessed after 48 h using a
DLRGA System (E1910; Promega, USA) [28].

2.10. Statistical analysis

Triplicate experiments were conducted. Data are de-
picted as means + standard deviation (SD). Correlation
between miR-328-5p, circFOXK2, and PKP3 levels was
evaluated via Pearson's correlation coefficient. Two groups
were compared using t-tests, while variances among mul-
tiple groups (> 2 groups) were evaluated by one-way ana-
lysis of variance (ANOVA) followed by Tukey's post hoc
test. A p-value < 0.05 was deemed statistically significant
[29].

3. Results
3.1. Upregulation of circFOXK2 in NSCLC cells and
tissues

For gene expression profiling, qRT-PCR indicated
markedly higher levels of circFOXK2 in tumor relative
to normal BEAS-2B cells, with the highest levels seen in
SPC-A1 cells (Figure 1A). Similarly, CircFOXK?2 levels
were also markedly raised in tumor tissue samples relative
to the respective adjacent non-cancerous tissue (Figure
1B). Overall, these findings indicate that circFOXK2 le-
vels were elevated in both NSCLC cells and tissues.

3.2. circFOXK2 regulated NSCLC cell penetration,
propagation, and migration in vitro
SPC-A1 cells, which showed the highest endogenous

circFOXK?2 expression, were selected for functional as-
says. Transfection efficiency for circFOXK?2 silencing
(si-circFOXK2) and overexpression (pEX-3-circFOXK?2)
was verified via qRT-PCR (Figure 2A). CCK-8 assays
showed that circFOXK2 knockdown markedly inhibited
propagation and colony formation relative to the controls,
while overexpressing circFOXK?2 substantially increased
these parameters (Figure 2B). Transwell assays indicated
that suppression of circFOXK2 expression reduced the
invasive ability of SPC-A1 cells, while its overexpression
enhanced invasion (Figure 2C and 2D). Wound healing as-
says further revealed a reduction in migration potential af-
ter circFOXK?2 silencing and an increase with circFOXK2
overexpression (Figure 2E and 2F).

3.3. Direct Binding of circFOXK2 to miR-328-5p
Bioinformatic predictions using Arraystar's target
prediction software, Circlnteractome, and StarBase data-
bases identified miR-328-5p and miR-942 as potential
circFOXK2-binding microRNAs. Previous evidence has
shown that circFOXK?2 promotes the proliferation and dis-
semination of pancreatic tumors by binding to RNA-bin-
ding proteins and functioning as a sponge for miR-942'%,
thus supporting the use of miR-942 as a positive control.
DLRGAs showed that overexpression of miR-328-5p
substantially diminished luciferase activities in the wild-
type circFOXK?2 reporter (circFOXK2-WT) (Figure 3A).

expression of circFOXK2
-
expression of cire FOXK2
2

[ I
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Fig. 1. Upregulation of circFOXK2 levels in cells and tumors. (A)
Expression of circFOXK?2 in tumor and BEAS-2B cells. (B) Expres-
sion of circFOXK?2 in tumor and non-tumorous tissues (n = 35). *p
<0.05.

Fig. 2. Functional role of circFOXK2 in regulating tumor growth,
invasion, and migration. (A) circFOXK2 expression in SPC-Al
cells transfected with si-NC, si-circFOXK2, pEX-3, or pEX-3-circ-
FOXK?2. (B) Cell proliferation determined by CCK-8 assay. (C, D)
Invasive ability assessed by Transwell assays. (E, F) Migration capa-
city assessed by wound healing assays. *p < 0.05.
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Fig. 3. Direct binding between circFOXK2 and miR-328-5p. (A) Pre-
diction of candidate miRNAs interacting with circFOXK2, validated
via DLRGA. (B) Schematic of the predicted miR-328-5p binding site
and corresponding mutation within circFOXK2. (C) miR-328-5p le-
vels in SPC-A1 cells after circFOXK2 knockdown or overexpression,
shown by qRT-PCR. (D) miR-328-5p levels in BEAS-2B, A549, and
H460 cells. (E) miR-328-5p levels in NSCLC tissues and adjacent
non-cancerous tissues (n = 35). (F) Pearson's correlations between cir-
cFOXK?2 and miR-328-5p in tumor tissue samples (n = 35). *p <0.05.

Site-directed mutagenesis of the predicted binding region
was carried out using mutation primers, and results indica-
ted that overexpression of miR-328-5p markedly lowered
luciferase activity in circFOXK2-WT but did not affect the
mutant reporter (circFOXK2-MUT) (Figure 3B). To verify
the binding pattern between circFOXK2 and miR-328-5p
transcripts, circFOXK2 was either silenced or overex-
pressed, followed by qRT-PCR assessment of miR-328-5p
levels. Knockdown of circFOXK?2 substantially increased
miR-328-5p levels, while overexpression of circFOXK2
led to reduced miR-328-5p levels (Figure 3C). In NSCLC
cells, miR-328-5p expression was downregulated and
showed a negative correlation with circFOXK?2 levels (Fi-
gure 3D). Analysis of clinical NSCLC samples indicated
markedly lower miR-328-5p levels in tumor tissues rela-
tive to the respective non-tumorous tissues (Figure 3E).
Pearson's correlations further confirmed a remarkable ne-
gative association between the levels of circFOXK2 and
miR-328-5p in tumor specimens (Figure 3F).

3.4. Regulation of NSCLC advancement in vitro by cir-
cFOXK?2 via miR-328-5p interaction

To investigate whether miR-328-5p mediates circ-
FOXK2-driven NSCLC progression, rescue experiments
were performed in SPC-A1 cells. Transfection efficiency
for miR-328-5p inhibition (anti-miR-328-5p) and overex-
pression was confirmed (Figure 4A). CCK-8 assays revea-
led that circFOXK?2 silencing reduced proliferation, an ef-
fect partially reversed by miR-328-5p inhibition. However,
the enhanced proliferation induced by circFOXK2 overex-
pression was substantially reduced when miR-328-5p was
overexpressed (Figure 4B). Transwell assays revealed that
knocking down circFOXK?2 substantially decreased inva-
sive ability, and this effect was alleviated by miR-328-5p
inhibition (Figure 4C). In comparison, circFOXK?2 overex-

Redstive coll mbgratian

[
-

Fig. 4. Modulation by miR-328-5p of circFOXK2-mediated regula-
tion of NSCLC proliferation, invasion, and migration. (A) Transfec-
tion conditions for si-circFOXK2 + anti-NC, si-NC, si-circFOXK2,
pEX-3, pEX-3-circFOXK?2, si-circFOXK2 + anti-miR-328-5p, pEX-
3-circFOXK2 + miR-328-5p, and pEX-3-circFOXK2 + miR-NC. (B)
Cell proliferation was examined by CCK-8 assays. (C, D) Cell inva-
sion was noted via Transwell assays. (E, F) Wound healing assays

assessed cell migration. *p < 0.05.

pression enhanced invasion, which was counteracted by
miR-328-5p overexpression (Figure 4D). Wound healing
assays revealed that circFOXK2 knockdown substantially
reduced migratory capacity, and miR-328-5p inhibition
partially restored migration (Figure 4E). In comparison,
overexpression of circFOXK2 promoted migration, an
effect that was suppressed by miR-328-5p overexpression
(Figure 4F). These findings indicate that circFOXK?2 pro-
motes tumor cell proliferation, penetration, and migration
through miR-328-5p targeting.

3.5. circFOXK?2 upregulates PKP3 by sponging miR-
328-5p

A previous report showed that miR-328-5p directly tar-
gets PKP3 in NSCLC [30]. Moreover, qRT-PCR analysis
revealed that silencing circFOXK2 reduced PKP3 expres-
sion in SPC-A1 cells, whereas overexpression of circ-
FOXK?2 increased PKP3 levels (Figure 5A). PKP3 was
substantially increased in NSCLC cells and tumor tissues
relative to controls (Figure 5B, 5C). Correlation analysis
depicted a considerable favorable association between
circFOXK2 and PKP3 expression in clinical specimens
(Figure 5D).

4. Discussion

Many studies have shown a strong association between
circular RNAs and the initiation, advancement, and disse-
mination of multiple malignancies, including lung cancer
[31-33]. Due to their covalently closed-loop structure, cir-
cular RNAs show enhanced stability compared to linear
transcripts, making them attractive candidates for use as
diagnostic and prognostic biomarkers [34]. Uncontrolled
expression of circFOXK?2 has been documented in various
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Fig. 5. PKP3 is targeted directly by miR-328-5p. (A) Relative PKP3
mRNA levels in SPC-A1 cells transfected with si-NC, si-circFOXK2,
pEX-3, or pEX-3-circFOXK2, measured by qRT-PCR. (B, C) qRT-
PCR analysis of PKP3 mRNA levels in NSCLC cells and tissues (n =
35). (D) Correlation analysis of circFOXK2 and PKP3 expression in
tumor tissues (n = 35). *p < 0.05.

tumor types and is closely linked to cancer pathogenesis
[35,36]; however, its functional relevance in NSCLC has
remained unclear.

Circular RNAs exert diverse regulatory roles in gene
expression, with one of the most prominent mechanisms
being the sequestration of microRNAs, thus preventing
their interaction with target mRNAs [37]. For instance,
circFOXK2 targeted miR-485-5p, which could bind to PD-
L1 [38]. This study provides evidence that circFOXK2 is
significantly elevated in NSCLC cells and tissues and that
it enhances cellular proliferation, migration, and invasion
in vitro. MicroRNA-328-5p was detected as a functional
target of circFOXK2. It has been found that miR-328-5p is
dysregulated in multiple cancers and functions essentially
in tumor suppression. For example, in breast cancer, miR-
328-5p levels are decreased, leading to increased tumor
growth, chemoresistance, and cell cycle disruption [39]. In
this study, circFOXK2 was shown to serve as a ceRNA for
miR-328-5p, reducing its tumor-suppressive effects. Func-
tional rescue experiments indicated that altering miR-328-
5p levels could partially counteract the oncogenic effects
of circFOXK2 on NSCLC cells. Further investigation of
downstream targets revealed that PKP3 is directly control-
led by miR-328-5p, in line with previous reports [30].
PKP3 has been related to promoting malignant features
in NSCLC, including increased proliferation, motility, and
metastatic potential [30,40,41]. These findings suggest
that circFOXK?2 indirectly increases PKP3 expression by
sponging miR-328-5p, thus promoting NSCLC progres-
sion.

This investigation appears to be the first to describe
the circFOXK2/miR-328-5p/PKP3 regulatory axis in NS-
CLC. These observations not only expand the understan-
ding of circular RNA-microRNA-mRNA interactions in
tumor biology but also identify this pathway as a poten-
tial molecular target for future therapeutic development.
However, a limitation of the current study is the absence
of exploration of downstream pathways such as MAPK,
PI3K/AKT, NF-«xB, and JAK-STAT. Which will be neces-
sary in future studies to validate the clinical application of
these findings.

Compared to previous NSCLC studies [42], this re-
search broadens the understanding of the ceRNA network
involving circRNAs and miRNAs. These findings provide

an effective preclinical basis for developing new therapeu-
tic strategies targeting NSCLC.

This study demonstrates that circFOXK2 exerts onco-
genic effects in NSCLC cancer by functioning as a mo-
lecular sponge for miR-328-5p, thus upregulating PKP3
expression. This circFOXK2/miR-328-5p/PKP3 axis pro-
motes tumor cell growth, invasion, and dissemination in
vitro. These findings provide a preclinical foundation for
considering this regulatory pathway as a potential target in
the emergence of novel therapeutic options for NSCLC.
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