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Abstract: Prostate cancer (PCa) is one of the most common malignant tumors in males. Characterized by an in-
sidious onset, the majority of patients are diagnosed at an advanced stage upon initial presentation. Therefore,
it is particularly important to find the potential biomarkers for early diagnosis of PCa. The expression and stability
of circKLK3-25 in PCa cells were assessed by qRT-PCR and Actinomycin D testing. Cell Counting Kit-8 assay, EdU
staining, scratch-wound assay and transwell experiments were used to make clear the influences of circKLK3-25
on the progression of PCa cells. Target miRNAs of circKLK3-25 was analyzed by bioinformatics. Western blot de-
termined the expressions of proteins associated with the JNK/ERK pathway and epithelial-mesenchymal transition
(EMT). Finally, subcutaneous xenograft tumor models were formed in nude mice to uncover the interference of
circKLK3-25 with PCa progression in vivo. The results showed that circKLK3-25 was significantly highly expressed
in PCa cells with good stability. Overexpression circKLK3-25 propelled PCa cells to proliferate, invade, migrate,
and EMT process; conversely, silencing circKLK3-25 impaired the malignant biological properties of such cells.
Overexpression circKLK3-25 led to upregulation of JNK/ERK signaling pathway-related proteins, while silencing
circKLK3-25 lead to the opposite trend. Pathway inhibitors attenuated the pro-oncogenic effects of overexpression
of circKLK3-25. circKLK3-25 was a sponge for miR-874-3p, and overexpression of miR-874-3p suppressed the
PCa malignant phenotype and EMT. Besides, in vivo experiments demonstrated that overexpression circKLK3-25
activated the JNK/ERK signaling pathway and promoted tumor growth, and silencing circKLK3-25 did the opposite.
In conclusion, circKLK3-25 is notably overexpressed in PCa cells and promotes PCa malignant progression through
activating JNK/ERK signal pathway.
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Introduction tion of androgens in the body to inhibit tumor

expansion; whereas, its treatment effective-

Among males, prostate cancer (PCa) stands as
a commonly occurring malignant tumor and is
the second highest cause of death due to
cancer [1-3]. According to worldwide statistics,
nearly 1.4 million people were newly affected
by PCa and 375,000 people died from this
condition in 2020 [4]. The systemic pharmaco-
therapy based on androgen deprivation therapy
(ADT) has long been a standard regimen for
treating locally advanced or metastatic PCa [5,
6]. ADT primarily works by reducing the produc-

ness merely lasts 1 to 3 years. Afterward,
the condition of most patients may gradually
change into castration-resistant prostate can-
cer (CRPC) [7, 8]. In view of this, identifying reli-
able molecular markers becomes particularly
important for early detection of PCa.

Circular RNA (circRNA) is an endogenous non-
coding RNA molecule, extensively presenting in
eukaryotes. This molecule does not possess
the conventional 5'-cap and 3’-poly tail struc-

https://doi.org/10.62347/GVSL6170


http://www.ajcr.us
https://doi.org/10.62347/GVSL6170

Study of circKLK3-25 in driving PCa progression

tures but a covalently closed circular struc-
ture [9-11]. Generally, circRNAs are generated
through a head-to-tail backsplice mechanism.
Because circular structures are resistant to
degradation by RNase R, circRNAs are more
stable than linear RNAs [12, 13]. An increasing
body of evidences prove that circRNA, by inter-
action with DNA, miRNA, IncRNAs, or proteins,
regulates the physiological and pathological
processes in cells [14, 15]. Significantly, many
cancer cells are detected with abnormally ex-
pressed circRNAs and this abnormal expres-
sion is either oncogenic or tumor-suppressive
[16, 17]. However, there is lack of reports on
the study of circRNA in PCa cells; most studies
on circRNA in PCa are about the circRNA levels
in tumor tissues.

Kallikrein-related peptidase 3 (KLK3), a gene
for encoding prostate-specific antigen (PSA), is
a common molecular marker in prostate clini-
cal practice [18, 19]. KLK3 is highly expressed
in the cancer tissues of patients, and its ex-
pression is significantly positively correlated
with the clinical stage and lymph node metas-
tasis [20]. However, in benign prostatic hyper-
plasia and prostatitis, PSA is also expressed at
an elevated level, which diminishes its specific-
ity as a cancer biomarker [21]. This necessi-
tates the search for more reliable molecular
markers. Our group found that PCa cells can
highly express a KLK3 gene-derived circRNA
molecule (circKLK3-25), and the effect of
circKLK3-25 on PCa progression as well as the
molecular mechanism has not been reported
in studies. The mitogen-activated protein kina-
se (MAPK) pathway is involved in mediating the
biological processes of tumor cells, including
metastasis, proliferation, apoptosis, and inva-
sion, while a key part of this pathway is the
c-Jun N-terminal kinase (JNK)/extracellular-sig-
nal-regulated kinase (ERK) pathway that takes
a vital part in the aggressive progression of
PCa [22, 23]. PCa patients with lower JNK
expression showed higher overall survival [24],
whereas activation of the MAPK/ERK pathway
promotes epithelial mesenchymal transition
(EMT) and thus cell metastasis in PCa cells
[25]. However, whether circKLK3-25 regulates
the JNK/ERK signaling pathway has not been
reported. Therefore, we hypothesize that circ-
KLK3-25 regulates PCa progression by modu-
lating the JNK/ERK pathway. Accordingly, the
present study aims to survey circKLK3-25's
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regulation of the ERK/JNK signal transduction
pathway and circKLK3-25’s interference with
in vitro/vivo progression and EMT process of
PCa.

Methods and materials

This study was conducted in adherence with
ARRIVE guidelines and was approved by the
Experimental Animal Ethics Committee of Zhe-
jiang Provincial People’s Hospital (Affiliated
People’s Hospital), Hangzhou Medical College
(Ethics clearance number: 2024-183).

Clinical sample collection

Paracancerous normal tissue (n=43) and PCa
tissue samples (n=61) were obtained from
PCa patients admitted to Zhejiang Provincial
People’s Hospital (Affiliated People’s Hospital)
between October 2022 and December 2024.
These patients had a preoperative pathological
diagnosis confirmed as PCa, none of them had
undergone ADT or radiotherapy before surgery,
and there were no metastases. The samples
were processed by liquid nitrogen flash freezing
and stored in an ultra-low temperature refrig-
erator at -80°C after collection.

Cell culture and transfection

Human RWPE-1 cells from male normal pros-
tate epithelial tissue, RRID CVCL_3791 (https://
www.cellosaurus.org/CVCL_3791), purchased
from Shanghai Cell Bank of Chinese Aca-
demy of Sciences (Stock No.: SCSP-5025) in
March, 2023. Human PCa cell lines LNCaP95
cells from male PCa tissue, RRID CVCL_A4DX
(https://www.cellosaurus.org/CVCL_A4DX),
purchased from BioVector National Typical Cul-
ture Collection Inc (Beijing, China, Stock No.:
RRID:CVCL_A4DX) in March, 2023. Human PCa
cell lines MR49F cells from male PCa tissue,
RRID CVCL_RW53 (https://www.cellosaurus.
org/CVCL_RW53), purchased from BioVector
National Typical Culture Collection Inc (Stock
No.: MR49F) in March, 2023. Human PCa
cell lines LNCaP cells from male PCa tissue,
RRID CVCL_0395 (https://www.cellosaurus.
org/CVCL_0395), purchased from Shanghai
Cell Bank of Chinese Academy of Sciences
(Stock No.: SCSP-5021) in March, 2023. Hu-
man PCa cell lines C4-2 cells (LNCaP C4-2)
from male PCa tissue, RRID CVCL_4782
(https://www.cellosaurus.org/CVCL_4782), pur-
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chased from BioVector National Typical Culture
Collection Inc (Stock No.: RRID:CVCL_4782) in
March, 2023. Before testing, RWPE-1 cells
were immersed in a Keratinocyte-SFM medium
(17005042, Gibco, Grand Island, NY, USA) with
1% penicillin and streptomycin (15140122, Gib-
co) and cultivated at 37°C in an atmosphere
with 5% CO,; PCa cell lines were dipped in a
RPMI-1640 medium (11875093, Gibco), which
contained 10% fetal bovine serum (A5256701,
Gibco) and 1% penicillin and streptomycin, and
cultivated under the same condition as RWPE-1
cells. All the cells were sub-cultured once three
days; the culture medium was replaced at an
interval of two days.

For cell transfection, RiboBio Co., Ltd. (Guang-
zhou, Guangdong, China) synthesized and pro-
vided the circKLK3-25 overexpression plasmid
(circKLK3-25) and short hairpin RNA targeting
CircKLK3-25 (sh-circKLK3-25), miR-874-3p mi-
mics, inhibitor, or their negative controls (Vec-
tor and sh-NC, mimics-NC and inhibitor-NC).
According to the user manual of Lipofectami-
ne 3000 (L3000150, Invitrogen, Carlsbad, CA,
USA), these plasmids were transfected into
LNCaP and C4-2 cells.

In signaling pathway exploration, circKLK3-
25+SP600125 group cells were first trans-
fected with circKLK3-25 and then treated with
JNK inhibitor SP600125 (10 uM, ab120065,
Abcam, Cambridge, MA, USA) for 24 h. Cells in
the circKLK3-25+U0126 group were first trans-
fected with circKLK3-25 and then treated with
the ERK inhibitor U0126 (10 pM, ab120241,
Abcam) for 24 h [26].

RNA separation and RNase R treatment

First, we dosed the Trizol reagent (15596026CN,
Invitrogen) onto cells LNCaP and C4-2, extract-
ing the total RNA, followed by two treatments
with Ambion DNase | (AM2222, Invitrogen) for
30 minutes at 37°C respectively. Next, the Ri-
boMinus™ eukaryote assay kit (A15020, Invi-
trogen) was used for removing ribosomal RNAs.
Further, the method described by Ma et al. [27]
was taken for reference in treating the purified
RNA with RNase R (6U) (RNRO7250, Lucigen,
Middleton, WI, USA).

Agarose gel electrophoresis and sanger se-
quencing

A 2% agarose gel solution was prepared using 2
g of agarose (A4718, Sigma-Aldrich, St. Louis,
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MO, USA). PCR products of RNA were subjected
to gel electrophoresis using a 2% agarose gel
[28]. Subsequently, RT-PCR amplification of the
alternative splicing fragment was performed,
followed by Sanger sequencing to validate the
authenticity of the alternative splicing site [29].

RNA fluorescence in situ hybridization (FISH)

The specific probe for circKLK3-25 was syn-
thesized by RiboBio Co., Ltd. LNCaP and C4-2
cells were cultured in 12-well plates (with built-
in coverslips) and fixed with 4% paraformalde-
hyde (P1110, Solarbio, Beijing, China) for 15
min. Referring to the instructions of RNA-FISH
kit (GFOO7-50T, Wuhan Servicebio Technology
Co., Ltd., Hubei, China), cells were blocked with
200 uL of prehybridization solution at 40°C for
20 min. The probes were diluted with preheat-
ed hybridization solution and placed in a hybri-
dizer for overnight incubation at 40°C. After
removing the hybridization solution, the cells
were washed with PBS, and DAPI working solu-
tion (D9542, Sigma-Aldrich) was added drop-
wise to cover the cells completely, and the cells
were stained for 8 min at room temperature
and protected from light [30]. The final images
were acquired by fluorescence microscope (DM
IL LED, Leica, Heidelberg, Germany).

Actinomycin D experiment

At first, cells (LNCaP and C4-2) were inoculated
into a 6-well plate, staying overnight. Subse-
quently, the cells were treated with Actinomycin
D (2 mg/L; A4262, Sigma-Aldrich) at O, 6, 12,
24, and 48 hours, respectively. Then, we col-
lected the cells and conducted qRT-PCR tes-
ting to make clear the mRNA expressions of
circkKLK3-25 and KLK3 [31].

Cell counting kit-8 (CCK-8) assay

Forty-eight hours post transfection, cells (LN-
CaP and C4-2) were seeded into a 96-well plate
at a density of 2.0x10* cells/well. After attach-
ing to the well wall, each well of cells were
dosed with 100 uL of complete medium that
contained 10% of CCK-8 reagent (CO038,
Beyotime), followed by 2-hour cell cultivation
in a 37°C incubator. After that, the cells were
tested using a Varioskan LUX multimode micro-
plate reader manufactured by Thermo Fisher
Scientific (Waltham, MA, USA) to acquire the
0D, of the cells.
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EdU staining

This part was to test the multiplication of cells
(LNCaP and C4-2) using the EdU cell prolifera-
tion assay kit (E10187; Invitrogen). First, cells
(LNCaP and C4-2), 48 hours post transfection,
was cultivated in a 100 mg/L EdU-containing
medium for 2 hours and then fixed for 30 min-
utes at an unregulated temperature in a solu-
tion with 4% paraformaldehyde. Next, the cells
were rinsed two times using PBS solution and
later added with a DAPI solution. Subsequently,
the mixture container was placed on a shaker
working in a setting without light for about
20-minute cultivation. At last, a fluorescence
microscope was utilized for observing and pho-
tographing the cells.

Scratch-wound assay

Forty-eight hours post transfection, cells (LN-
CaP and C4-2) were placed into a 6-well plate
with pre-drawn horizontal lines. Once the cells
adhered to well wall, a 20 uL sterile pipette tip
was utilized to gently scratch a line perpendicu-
lar to the horizontal line at the bottom of each
well. The next was two washes using PBS
solution to get rid of cell debris. Subsequently,
the cells were administered with a RPMI-1640
medium excluding serum, and cultivated in a
37°C incubator. Later, the healing states of the
scratches were observed at O and 24 hours
separately and the widths of the scratch areas
were measured and analyzed using Image J
1.54 h software (Wavne Resband, National
Institute of Mental Health, USA).

Transwell experiment

First, 100 uL diluted Matrix-gel (CO383, Be-
yotime) was added to each transwell chamber
(Corning, Tewksbury, MA, USA), staying in an
incubator overnight for cell culture. The follow-
ing day, residual liquid in each chamber was
removed, and the remained mixture in the
chamber was hydrated with RPMI-1640 medi-
um excluding serum. Afterward, 200 pL of the
cell suspension was taken and injected to the
upper part of the chamber and a proper amount
of 10% fetal bovine serum-containing RPMI-
1640 medium to the lower part, staying around
12 hours for cell cultivation. Later, the transwell
chamber was taken out, with the matrigel and
the cells in the upper part wiped off and cells in
the lower part fixed with 4% paraformaldehyde
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for 30 minutes. Following two washes using
PBS solution, the fixed cells were colored for 5
minutes in a solution with 1% of crystal violet
(CO121, Beyotime). After two washing steps
with PBS, each well of cells was photographed
in random fields under a high-magnification
microscope and the cells penetrated were
counted.

Apoptosis assay

LNCaP and C4-2 cells after different treat-
ments were resuspended in 500 yL Annexin V
Binding Buffer (AP107, Multi Sciences, Hang-
zhou, China). Subsequently, 5 pL of Annexin-V-
APC and 5 pL of propidium iodide were added
sequentially, mixed thoroughly, and incubated
for 15 min in an environment protected from
light. Detection was performed with a BD
FACSCalibur™ flow cytometer (BD biosciences,
San Jose, CA, USA), analyzed by FlowJo soft-
ware (v10.8, BD biosciences), and apoptosis
rates were calculated.

Bioinformatics analysis

The Circbank (https://www.circbank.cn/#/ho-
me) database was used to screen circKLK3-25
for potential target-binding microRNAs (microR-
NAs, miRNAs) and to predict the binding sites
of circKLK3-25 and miR-874-3p. In addition,
the binding sites of miR-874-3p and ERK were
predicted using the ENCORI database (https://
rnasysu.com/encori/).

Dual-luciferase reporter assay

The wild-type (WT) and mutant (MUT) dual lucif-
erase reporter plasmids for circkLK3-25 and
ERK were synthesized and provided by Ribo-
Bio Co., Ltd. WT-circKLK3-25 and mimics, WT-
CircKLK3-25 and mimics-NC, MUT-circKLK3-25
and mimics, MUT-circKLK3-25 and mimics-NC,
WT-ERK and mimics, WT-ERK and mimics-NC,
MUT-ERK and mimics, and MUT-ERK and mim-
ics-NC were co-transfected into LNCaP and
C4-2 cells using Lipofectamine 3000. Cells
were collected after 48 h of incubation and
assayed for luciferase activity using the Dual-
Lucy Assay Kit (RGO27, Beyotime) [32].

Experiment in vivo

BALB/c nude mice were bought from Vitalriver
(Beijing, China), housing temperature was 22+
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2°C, the relative humidity was 50%-60%, and
a light/dark cycle of 12 h. Regularly sanitizes
facilities, like food containers, cage boxes, and
water bottles. After 1 week of acclimatization,
the nude mice were split into 4 groups in a ran-
dom manner, with 4 mice in each group. C4-2
cells, following transfection with sh-circKLK3-
25, sh-NC, circkLK3-25 or Vector were vacci-
nated into the right bellies of the mice (2x
107 cells/mice). After that, the mice’s survival
states were monitored; the lengths and widths
of subcutaneous tumors formed in the mice
were measured every week using a caliper. On
day 28, pentobarbital sodium (40 mg/kg) were
injected into the veins of the mice to euthanize
them, followed by tumor separation and photo-
graphing for record.

QRT-PCR

Total RNA was extracted from cells and tumor
tissues using Trizol reagent and treated with
DNase | to eliminate genomic DNA conta-
mination. RNA concentration and purity were
detected by NanoDrop microspectrophotome-
ter (Thermo Fisher Scientific), and RNA integrity
was verified by agarose gel electrophoresis.
Then, AMV reverse transcriptase (2621, TAK-
ARA, Tokyo, Japan) as well as random hexamer
primers (N8080127, Invitrogen) were used to
synthesize cDNAs, PCR was then perform-
ed using divergent primers specific to the
circKLK3-25 reverse splice junction. The speci-
ficity of the primers was confirmed by Sanger
sequencing of the amplified fragments and
melting curve analysis. The target genes were
then PCR amplified using TB Green FAST qPCR
(CN830S, TAKARA) and by a PRISM 7300 RT-
PCR system (ABI, Carlsbad, CA, USA). The sta-
bility of the reference gene GAPDH in this
study was validated via the geNorm algorithm
(M value <0.5). The expression levels of all tar-
get genes, including circkLK3-25, were nor-
malized to GAPDH, and the relative expression
levels of target genes were calculated using
the 222¢t method. The primer sequences us-
ed in this study are as follows: GAPDH: F:
5-ATGTTGCAACCGGGAAGGAA-3’, R: 5-CGCCC-
AATACGACCAAATCAGA-3’; KLK3: F: 5-CTCAC-
GGATGCTGTGAAGGT-3’, R: 5-TAGGGATGACTCA-
CCGAGCA-3’; circKLK3-25 (divergent primer): F:
5-GCCCACTTGTCTGTAATGGTG-3’, R: 5-TCAGG-
ATGAAACAGGCTGTGC-3’; E-cadherin: F: 5'-TC-
CAACAGGGACAAAGAAACAA-3, R: 5-TGACAC-
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GGCATGAGAATAGAGG-3’; Vimentin: F: 5-AGG-
CAAAGCAGGAGTCCACTGA-3', R: 5-ATCTGGCGT-
TCCAGGGACTCAT-3'.

Immunohistochemistry

The tumor tissues were treated with 4% para-
formaldehyde for fixation for 24 h. Sections
(4 pm) were dehydrated with graded ethanol
(100%, 95%, 75% and 50%), paraffin-embed-
ded, deparaffinized with xylene (X821391, Ma-
cklin, Shanghai, China) and hydrated with grad-
ed ethanol. Then, the sections were placed in
0.1 mol/L citric acid solution (pH=6) and micro-
waved to repair the antigen. Incubated in 3%
H,0, solution for half an hour and rinsed well
with PBS. The tissue was covered evenly with
5% bovine serum albumin (BSA, A801320,
Macklin) and closed for half an hour. Added
dropwise antibody against Ki-67 (MA5-14520,
1:100, Invitrogen) and left to incubate for 1.5 h
at 37°C; after being rinsed, the sections were
put in a solution with secondary antibody goat
anti-rabbit 1gG (G-21234, 1:500, Invitrogen),
staying for 2 hours of cultivation. The color was
developed with DAB (P0203, Beyotime), and
when the color development reached the ex-
pected effect, distilled water was used to ter-
minate the color development. After hema-
toxylin (H3136, Sigma-Aldrich) counterstaining,
distilled water washing, and neutral balsam
(CO173, Beyotime) sealing, the sections were
observed through a fluorescence microscope.

Immunofluorescence

Paraffin sections of tumor tissues were placed
in PBS and rinsed three times for 5 min each,
and exposed to 0.3% Triton X-100 (1824275,
Macklin) for 10 min. The sections were shaken
dry, 5% BSA was added dropwise, and closed
for 1 h at room temperature. The blocking solu-
tion was shaken off, and the samples were
incubated overnight at 4°C with primary anti-
body E-cadherin (ab40772, 1:100, Abcam) or
Vimentin (ab92547, 1:50, Abcam). After that,
the sections were rinsed with PBS and expos-
ed to FITC-labeled goat anti-rabbit secondary
antibody (F-2765, 1:500, Invitrogen) for 1 h.
Sections were sealed with Antifade Mounting
Medium with DAPI (PO131, Beyotime), avoid-
ing air bubbles during the sealing process, then
observed under a microscope.
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TUNEL staining

Tumor tissue paraffin sections were routinely
dewaxed and hydrated, and DNase-free pro-
teinase K (20 pg/mL, ST532, Beyotime) was
added dropwise to cover the tissue sections,
and the reaction was carried out at 37°C for 15
min. Then TUNEL assay solution (C1086, Beyo-
time) was added dropwise and incubated for
60 min in an environment protected from light.
Then DAPI staining solution was added to cover
the tissues, and the staining was protected
from light for 10 min, then observed and photo-
graphed by fluorescence microscope.

Western blot

RIPA lysis buffer (R917927, Macklin) was mixed
well with cells and tumor tissues, and the sam-
ples were lysed sufficiently to extract proteins.
After lysis was completed, the protein levels of
the obtained samples were assessed through
the BCA Protein Assay Kit (B917925, Macklin).
Next, the extracted protein supernatant was
mixed with SDS-PAGE protein upsampling buf-
fer, separated by SDS-PAGE electrophoresis,
then transferred to PVDF membranes (88518,
Invitrogen) and closed with 5% BSA for 2 h [33].
Subsequently, in a temperature setting of 4°C,
the membrane was exposed to primary anti-
body against p-JINK (44-682G, 1:1000, Invi-
trogen), JNK (44-690G, 1:1000, Invitrogen),
p-ERK (44-680G, 1:1000, Invitrogen), ERK
(MA5-15134, 1:1000, Invitrogen), N-cadherin
(@b76011, 1:5000, Abcam), E-cadherin (ab-
40772, 1:1000, Abcam), Snail (ab216347,
1:1000, Abcam), SLUG (PA5-20289, 1:1000,
Invitrogen), Twistl (ab323385, 1:1000, Ab-
cam), Zinc Finger E-Box Binding Homeobox 1
(ZEB1, ab203829, 1:500, Abcam), or Vimentin
(@b92547, 1:2000, Abcam) for one night. On
the next day, after three rinsing steps, the
membrane was immersed in a solution of goat
anti-rabbit secondary antibody 1gG (ab205718,
1:2000, Abcam) for 2 h. Followed by, tDevelop-
ing solution (PO018S, Beyotime) was prepared
and dropped evenly on the membrane, then
scanned with a gel imaging system (iBright
CL1500, Invitrogen). In the end, the images
were processed by the Image J software, where
the GAPDH (MA5-35235, 1:50000, Invitrogen)
was used for internal reference.
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Statistical analysis

For the minimum, three repetitions were con-
ducted for each experiment, with results re-
corded as mean + standard deviation. The sta-
tistical analysis of all data was utilized using
SPSS version 26.0 (IBM SPSS Statistics 26),
while Graphpad Prism 9 software was utilized
to drawn the statistical graphs. Statistical an-
alyses were performed using nonparametric
tests: the Kruskal-Wallis test for multiple com-
parisons, followed by Dunn’s post-hoc test for
two comparisons between groups; and the
Mann-Whitney U test for two-group compari-
sons. For data from consecutive time points,
the assumption of sphericity of the data was
verified by Mauchly’s test: if sphericity was met
(P>0.05), a repeated-measures ANOVA was us-
ed; if it was not met (P<0.05), the Greenhouse-
Geisser correction coefficients were applied to
ensure the reliability of the statistical results.
P<0.05 denotes significant differences.

Results
Presence of circKLK3-25 in PCa cells

To know about whether the KLK3 gene encod-
es the circRNA, we designed two sets of reverse
primers with linear mRNA sequences and per-
formed RT-PCR amplification using cDNA from
LNCaP cells. Two PCR products were examin-
ed through DNA electrophoresis, purified using
agarose gel, and then cloned into PCR4 TOPO
vectors separately. The Sanger sequencing
consequences confirmed that the products of
both sets of primers pointed to the same cir-
cular shear site, indicating that both products
were derived from circKLK3-25 (Figure 1A, 1B).
Figure 1C illustrates the loop shear site of the
linear mMRNA. Moreover, we again designed
multiple sets of reverse primers and performed
RT-PCR on cDNA extracted from reverse tran-
scription of LNCaP cells, all of which yielded
the target product, confirming the presence of
circKLK3-25 molecule (Figure 1D).

Elevated expression of circKLK3-25 in PCa
cells

The expression of circKLK3-25 in PCa patient
samples was detected by gRT-PCR. The results
showed that the expression level of circKLK3-
25 in PCa tissue was significantly increased
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Figure 1. Verification of the expressions of circKLK3-25 in PCa cells. A. Two sets of reverse primers were devised
and utilized for RT-PCR amplification of cDNAs obtained from LNCaP cells. B. The products of both sets of primers
pointed to the same circular shear site (circKLK3-25). C. Loop shear sites of linear mRNAs. D. RT-PCR was per-
formed on cDNA from LNCaP cells, confirming the presence of circKLK3-25 in PCa cells.

compared with adjacent normal tissue (Figure
2A). The expressions of circKLK3-25 in RWPE-1
cells and PCa cell lines (LNCaP95, MR49F,
LNCaP, and C4-2) were detected through qRT-
PCR experiments. The results reveal that PCa
cell lines had circKLK3-25 levels evidently su-
perior to RWPE-1 cells; among the PCa cell
lines, C4-2 cells possessed the highest circ-
KLK3-25 level, followed by LNCaP cells (Figure
2B). Hence, LNCaP and C4-2 cells were utilized
for the follow-up experiments. What's more,
circKLK3-25 was insusceptible to RNase R,
displaying a higher stability than linear KLK3
MRNA (Figure 2C, 2D). The actinomycin D
experimental results also suggest that circ-
KLK3-25 is highly stable, evidenced by the half-
lives of the circKLK3-25 transcript (exceeding
48 hours) and KLK3 transcript (merely about
18 hours) (Figure 2E, 2F). Furthermore, we
employed RNA-FISH technology to examine
the subcellular localization of circKLK3-25. The
results indicated that circkLK3-25 was enri-
ched in the cytoplasm of PCa cells (Figure 2G).
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Overexpression circKLK3-25 promotes PCa
cell proliferation, migration, and invasion and
EMT

To make clear the role of circKLK3-25 in the
aggressive behavior of PCa cells, we had cells
LNCaP and C4-2 transfected with circKLK3-25
and tested by means of qRT-PCR to know about
the efficiency of excessive circKLK3-25. As a
result, the cells transfected with circKLK3-25
obtained apparently heightened circKLK3-25
levels than those transfected with Vector. This
indicates that the transfection efficiency met
the experimental requirements (Figure 3A). Th-
rough CCK-8 experiments and EdU staining,
excessive circKLK3-25 was found to be greatly
helpful to the proliferation of cells LNCaP and
C4-2 (Figure 3B-D). Following the excessive
expression of circKLK3-25, these cells also
acquired higher abilities to migrate as con-
firmed by scratch-healing experiments (Figure
3E) and to penetrate as evidenced by trans-
well experiments (Figure 3F). Flow cytometry

Am J Cancer Res 2026;16(3):1081-1101
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Figure 3. Overexpression of circKLK3-25 promotes proliferation, migration, invasion and EMT in PCa cells. A. qRT-
PCR detection of circKLK3-25 expression level in PCa cells after transfection with circKLK3-25. B, C. CCK-8 assay
to detect the viability of LNCaP and C4-2 cells after overexpression of circKLK3-25. D. EdU staining determined cell
proliferation after overexpression of circKLK3-25 (20x%, 100 um). E. Scratch-wound assay detected cell migration
after transfection with circKLK3-25 (10x, 200 um). F. Transwell assay to assess cell invasion after overexpression of
circkKLK3-25 (20x%, 100 um). G. Flow cytometry to detect apoptosis rate. H, |. Western blot detect E-cadherin, N-cad-
herin, Vimentin, Snail, SLUG, Twist1, and ZEB1 levels in LNCaP and C4-2 cells after overexpression of circKLK3-25.

n=3. **P<0.01, ***P<0.001.

assay showed that the apoptosis rate of LNCaP
and C4-2 cells was significantly reduced af-
ter overexpression of circKLK3-25 (Figure 3G).
Additionally, Western blot findings showed that
overexpression circKLK3-25 caused a signifi-
cant decline in E-cadherin level and a signifi-
cant rise in N-cadherin, Vimentin, Snail, SLUG,
Twistl, and ZEB1 levels in LNCaP and C4-2
cells (Figure 3H, 3I). To sum up, circkLK3-25
overexpression promotes malignant biological
behavior, inhibits apoptosis, and promotes EMT
in PCa cells.

Silencing circKLK3-25 suppresses PCa cell
proliferation, migration and invasion and EMT

Subsequently, sh-circKLK3-25 was transfected
into cells LNCaP and C4-2. In consequence,
circKLK3-25 in these cells was leveled down to
a large extent as demonstrated by gRT-PCR
experiments (Figure 4A). After circKLK3-25 got
silenced, these cells became weakened in pro-
liferation as displayed in the results of EdU
staining and CCK-8 experiments (Figure 4B-D),
in migration as found through scratch-healing
experiments (Figure 4E), as well as in penetra-
tion as detected through transwell experiments
(Figure 4F). In addition, the apoptosis rate of
LNCaP and C4-2 cells was significantly ele-
vated after silencing circKLK3-25 (Figure 4G).
Silencing circKLK3-25 also caused markedly
higher E-cadherin level and markedly lower
N-cadherin, Vimentin, Snail, SLUG, Twist1, and
ZEB1 levels in LNCaP and C4-2 cells (Figure
4H, 41). These findings affirm that silencing
circKLK3-25 inhibits the malignant biological
behavior of PCa cells.

circKLK3-25 regulates the JNK/ERK signaling
pathway

To find the way circkKLK3-25 modulates the
worsening of PCa, we tested the expressions
of p-JNK, JNK, p-ERK, and ERK (proteins of the
JNK/ERK signal transduction pathway) by west-
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ern blot. Consequently, LNCaP and C4-2 cells
exhibited amplification in the expressions of
the said four proteins following the heightening
of circKLK3-25, but attenuation in these ex-
pressions following the silencing of circKLK3-
25 (Figure 5A-E). This phenomenon proves the
competence of circKLK3-25 to modulate the
JNK/ERK signal transduction pathway. Besides,
the JNK inhibitor SP600125 (10 uM) and the
ERK inhibitor U0126 (10 pM) attenuated the
activation effect of over-expressed circKLK3-
25 on the JNK/ERK pathway (Figure 5F-H). This
further affirms that circKkLK3-25 can regulate
the JNK/ERK pathway.

circKLK3-25 promotes malignant biological
progression of PCa cells through the JINK/ERK
signaling pathway

As demonstrated by CCK-8 experiments and
EdU staining, excessive circKLK3-25 can st-
rengthen the ability of cells LNCaP and C4-2 to
multiply. SP600125 and U0126 reduced the
promoting effect of circKLK3-25 overexpres-
sion on the malignant biological behavior of
PCa cells. SP600125 and U0126 resulted in
reduced PCa cell viability (Figure 6A, 6B),
decreased EdU positivity (Figure 6C), and sig-
nificantly reduced cell migration and invasion
(Figure 6D, 6E). Moreover, SP600125 and
UO126 treatments increased the apoptosis
rate of LNCaP and C4-2 cells (Figure G6F).
SP600125 and U0126 reduced the promotion
of EMT in PCa cells by overexpression circ-
KLK3-25, resulting in notably higher E-cadherin
level and notably lower N-cadherin, Vimentin,
Snail, SLUG, Twistl, and ZEB1 levels (Figure
6G, 6H). The above results indicate that
SP600125 or U0O126 can partially attenuate
the promoting effect of circKLK3-25 overex-
pression on the malignant biological behavior
of PCa cells, suggesting that circKLK3-25 ex-
erts its pro-carcinogenic effect by regulating
the JNK/ERK pathway.
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Figure 4. Silencing circKLK3-25 suppresses proliferation, migration, invasion and EMT in PCa cells. A. qRT-PCR
detection of circKLK3-25 expression level in PCa cells after transfection of sh-circKLK3-25. B, C. CCK-8 assay to
detect the viability of LNCaP and C4-2 cells after silencing circKLK3-25. D. EdU staining results determined cell
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proliferation after silencing circKLK3-25 (20%, 100 um). E. Scratch-wound assay detected cell migration ability
after transfection of sh-circKLK3-25 (10x, 200 um). F. Transwell assay confirmed determined cell invasion capac-
ity after silencing circKLK3-25 (20%, 100 um). G. Flow cytometry to detect apoptosis rate. H, I. The E-cadherin,
N-cadherin, Vimentin, Snail, SLUG, Twistl, and ZEB1 levels in LNCaP and C4-2 cells as examined by Western blot.
n=3. **P<0.01, ***P<0.001.
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Figure 5. circKLK3-25 regulates the JNK/ERK signaling pathway. A-E. Western blot measured p-JNK/JNK and p-
ERK/ERK levels in LNCaP and C4-2 cells after overexpression of circKLK3-25 or silencing circKLK3-25. F-H. West-
ern blot measured p-JINK/JNK and p-ERK/ERK levels in LNCaP and C4-2 cells after the JNK inhibitor SP600125 or

the ERK inhibitor U0126 treatment. n=3. ***P<0.001.

circKLK3-25 acts as sponge for miR-874-3p,
and overexpression of miR-874-3p inhibits the
PCa malignant phenotype and EMT

The target binding site of circKLK3-25 to miR-
874-3p predicted by the Circbank database
was shown in Figure 7A. Next, we transfected
miR-874-3p mimics, mimics-NC, inhibitor, or
inhibitor-NC in LNCaP and C4-2 cells. Trans-
fection of mimics significantly elevated miR-
874-3p expression in cells, whereas transfec-
tion of inhibitor significantly downregulated
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miR-874-3p levels (Figure 7B). Dual luciferase
assay showed that overexpression of miR-874-
3p significantly inhibited the luciferase activity
of WT-circKLK3-25, whereas it had no signifi-
cant effect on MUT-circKLK3-25, confirming
that miR-874-3p could bind to circKLK3-25
(Figure 7C, 7D). In addition, overexpression of
circKLK3-25 decreased miR-874-3p expres-
sion, whereas silencing of circKLK3-25 result-
ed in elevated miR-874-3p expression (Figure
7E). Silencing of miR-874-3p significantly ele-
vated p-JINK/JNK, p-ERK/ERK in LNCaP and

Am J Cancer Res 2026;16(3):1081-1101
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Figure 6. circKLK3-25 promotes PCa cell proliferation, migration, invasion and EMT via the JNK/ERK signaling path-
way. A, B. CCK-8 assay measured the impact of SP600125 or U0126 treatment on LNCaP and C4-2 cell viability.
C. EdU staining detected cell proliferation after SP600125 or U0126 treatment (20%, 100 ym). D. Scratch-wound
assay measured cell migration after SP600125 and U0126 treatment (10%, 200 um). E. Transwell assay detected
cell invasion after SP600125 and U0126 treatment (20%, 100 um). F. Flow cytometry to detect apoptosis rate. G, H.
Western blot measured E-cadherin, N-cadherin, Snail, SLUG, Twist1, ZEB1, and Vimentin expression levels in LNCaP
and C4-2 cells. n=3. ***P<0.001.
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Figure 7. circKLK3-25 can act as a sponge for miR-874-3p, and overexpression of miR-874-3p inhibits the PCa
malignant phenotype and EMT. A. Binding site of circKLK3-25 to miR-874-3p was predicted by Circbank. B. gPCR
detection of knockdown and overexpression efficiency of miR-874-3p. C, D. Dual-Luciferase reporter assay detected
targeted binding of circKLK3-25 to miR-874-3p. E. qRT-PCR to detect changes in miR-874-3p after silencing/overex-
pression of circKLK3-25. F-H. Western blot detection of p-JNK/JNK, p-ERK/ERK protein expression in tumor tissues.
I. Prediction of ERK binding site to miR-874-3p by ENCORI database. J, K. Dual-Luciferase reporter assay detected
targeted binding of ERK to miR-874-3p. L, M. EdU staining detected cell proliferation after silencing or overexpres-
sion of miR-874-3p (20x, 100 ym). N, O. Scratch-wound assay measured cell migration (10%, 200 ym). P, Q. Tran-
swell assay detected cell invasion (20%, 100 uym). R, S. Flow cytometry to detect apoptosis rate. T-Y. Western blot
measured E-cadherin, N-cadherin, Snail, SLUG, Twist1, ZEB1, and Vimentin expression levels in LNCaP and C4-2
cells. n=3. ***P<0.001.

C4-2 cells, in contrast, overexpression of miR- Silencing of circKLK3-25 hinders the JNK/ERK
874-3p resulted in a significant decrease in signaling pathway and thus tumor growth in
p-JNK/JNK, p-ERK/ERK (Figure 7F-H). To fur- vivo

ther explore the effect of miR-874-3p on the

JNK/ERK pathway, we predicted the ERK and Finally, PCa tumor models were grafted sub-
miR-874-3p binding sites by ENCORI database cutaneously in nude mice to investigate the
(Figure 71). Overexpression of miR-874-3p sig- action of circKLK3-25 in the tumor expansion
nificantly inhibited the luciferase activity of in vivo. Injection of C4-2 cells transfected with
WT-ERK and had no significant effect on MUT- sh-circKLK3-25 resulted in a significant de-
ERK, suggesting that miR-874-3p binds to ERK cline in circKLK3-25 level in tumor tissues,
(Figure 7J, 7K). Furthermore, overexpression of whereas injection of C4-2 cells transfected
miR-874-3p significantly reduced the EdU posi- with circKLK3-25 caused a significant rise in
tivity rate of LNCaP and C4-2 cells (Figure 7L, circKLK3-25 level. It was demonstrated that
7M), decreased cell migration and invasion injection of C4-2 cells transfected with sh-
abilities (Figure 7N-Q), and increased cell apop- circKLK3-25/circKLK3-25 effectively regulat-
tosis rate (Figure 7R, 7S); while silencing miR- ed the level of circKLK3-25 in tumor tissues
874-3p had the opposite effect. Overexpre- (Figure 8A). The tumor with dampened circ-
ssion of miR-874-3p also led to a significant KLK3-25, compared with the control group,
increase in E-cadherin levels, while the ex- obtained reduced weight and volume (Figure
pression levels of N-cadherin, Vimentin, Snail, 8B-D). In addition, silencing circKLK3-25 led
SLUG, Twistl, and ZEB1 were significantly de- to a decline in Ki-67 level and a increase in
creased (Figure 7T-Y). These results indicate TUNEL positivity, whereas overexpression of
that circKLK3-25 targets and binds to miR- circKLK3-25 did the opposite, suggesting that
874-3p and acts as its molecular sponge. silencing circKLK3-25 inhibited tumor prolife-
Overexpression of miR-874-3p can inhibit the ration and promoted apoptosis (Figure 8E-H).
JNK/ERK pathway, suppress the malignant bio- Immunofluorescence results also showed that
logical behavior and EMT process of PCa cells, silencing circKLK3-25 increased E-cadherin
and promote apoptosis. and decreased Vimentin levels, while overex-
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Figure 8. Dampened circKLK3-25’s inhibition of tumor expansion in nude mice. A. gRT-PCR assessed circKLK3-25
level in tumor tissues. B-D. The size of subcutaneous tumors in nude mice was measured weekly, the tumors were
excised on the 28th d, and photographed and weighed. E, F. The percentage of TUNEL-positive cells in tumor tis-
sues was detected by TUNEL staining (40x, 50 um). G, H. Immunohistochemistry assessed Ki-67 positivity in tumor
tissues (40x, 50 um). I-K. Immunofluorescence measured E-cadherin and Vimentin levels in tumor tissues (40x,
50 um). L:N. gRT-PCR detection of E-cadherin, Vimentin, and miR-874-3p expression in tumor tissues. O-W. Western
blot detected p-JNK/JNK, p-ERK/ERK, E-cadherin, N-cadherin, Snail, SLUG, Twist1, ZEB1, and Vimentin expression
in tumor tissues. n=4. ***P<0.001.

pression of circKLK3-25 did the opposite marked increase in E-cadherin mRNA and a
(Figure 8I-K). Silencing circKLK3-25 caused a notable decline in Vimentin mRNA level, and
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overexpression circKLK3-25 led to the opposite
result (Figure 8L, 8M). Not only that, silencing
circKLK3-25 upregulated miR-874-3p levels in
tumor tissues, whereas overexpression of circ-
KLK3-25 downregulated miR-874-3p (Figure
8N). Interestingly, silencing circKLK3-25 caus-
ed a significant reduction of p-INK/JNK, p-ERK/
ERK, N-cadherin, Snail, SLUG, Twist1, and ZEB1
levels in tumor tissues and a rise in E-cadherin
level, and the opposite was true for overex-
pression circKLK3-25 (Figure 80-W). These re-
sults confirm that silencing circKLK3-25 inhib-
its JNK/ERK signaling and hinders tumor gr-
owth and EMT in vivo.

Discussion

As demonstrated by many studies reported
recently, circRNAs are vital in controlling the
onset and evolution of many malignancies,
involving PCa [34], breast cancer [35], gas-
tric cancer [36], and hepatocellular carcinoma
[37]. For instance, Ding et al. reported that cir-
cPDEBA is much down-regulated in PCa tissues
and can inhibit PCa cells in vitro/vivo from
migrating and penetrating; it can also inacti-
vate the MAPK pathway by interfering with
the translation of EIF3C, thereby impairing the
advancement of PCa [38]. Guo et al. discovered
that circARHGEF28 is regulated down signifi-
cantly in tissues and cell lines of PCa, and can
block the NF-kB pathway, further preventing
PCa cells from multiplying, moving, and pene-
trating [39]. In the present survey, circKLK3-25
was confirmed existing in PCa cells and its
expressions in PCa cell lines were superior to
that in RWPE-1 cells.

With a covalently closed circular structure, cir-
cRNA has a half-life approximately 2.5 times
the corresponding linear RNA and also a higher
stability than the latter; circRNA can accumu-
late in plasma, saliva, and even circulating exo-
somes, holding a potential to serve as dia-
gnostic, prognostic, and predictive biomarkers
[40, 41]. The present survey also demonstrated
that circkLK3-25 was insusceptible to RNase
R, with a half-life exceeding 48 hours, making it
more stable than linear KLK3 mRNA. To discov-
er the specific role of circKLK3-25 in modulat-
ing the aggressive evolution of PCa, we had
cells LNCaP and C4-2 transfected with circ-
KLK3-25 and sh-circKLK3-25. As an outcome,
the PCa cells obtaining excessive circKLK3-25

1097

became strengthened in the abilities to multi-
ply, move, and penetrate, while those obtaining
dampened circKLK3-25 showed the contrary
trend. EMT, as a complex and important bio-
logical process, is characterized by the gradual
transformation of epithelial cells into mesen-
chymal-like cells under the influence of external
factors and the loss of their original epithelial
cell functions and characteristics [42, 43]. In
this process, intercellular adhesion molecules
(e.g., E-cadherin) are downregulated, whereas
mesenchymal cell markers (e.g., N-cadherin
and Vimentin) are upregulated, and the cells
exhibit greater migration and proliferation ca-
pacity [44]. In this study, overexpression circ-
KLK3-25 promoted the EMT process in PCa
cells and tumor tissues, whereas silencing
circKLK3-25 did the opposite. This outcome
denotes that circKLK3-25 may be an onco-
gene in PCa cells.

miRNAs are short-chain non-coding RNAs of
about 19-24 nucleotides in length, which can
regulate the expression of target genes and
participate in biological processes such as
cell proliferation, differentiation, and migra-
tion, and abnormal changes in their expression
levels are closely related to the development of
various malignant tumors [45, 46]. One of the
most important functions of circRNAs is their
ability to act as molecular sponges for miRNAs
to bind to, attenuating the inhibition of target
MRNAs by miRNAs and thus regulating mRNA
expression. This mechanism enables circRNAs
to regulate miRNAs and thus influence tumor
progression [47, 48]. For example, Liu et al.
demonstrated that Hsa_circ_0001073 upre-
gulated LIFR expression to inhibit lung cancer
progression through sponge adsorption of miR-
626 [49]. To elucidate the specific mechanism
by which circKLK3-25 promotes PCa progres-
sion, we found that with circKLK3-25 can act
as a sponge for miR-874-3p through the Circ-
bank database. circKLK3-25 negatively regu-
lates miR-874-3p expression, whereas overex-
pression of miR-874-3p inhibits the malignant
biological behavior and EMT process of PCa
cells and promotes apoptosis.

Abnormalities in the MAPK pathway are key
factors in carcinogenesis and are associated
with multiple aspects of tumors, like cell prolif-
eration, differentiation, angiogenesis, invasion,
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and metastasis [50, 51]. As an important com-
ponent of the MAPK pathway, the JNK/ERK
signaling pathway regulates cell cycle, cell pro-
liferation, angiogenesis, apoptosis, etc., and
plays an important role in cancer development
and progression [52, 53]. It has been shown
that overexpression JNK promotes prolifera-
tion and invasion in CRPC and that patients
with low JNK expression have a higher survival
rate [24]. Zhang et al. found that inhibition of
ERK phosphorylation suppressed EMT in PCa
cells [54]. The present survey uncovered that
heightening the circKLK3-25 level could drive
the phosphorylation of JNK and ERK in PCa
cells, while dampening the circKLK3-25 expres-
sion could retard it. This result demonstrates
the competence of circKLK3-25 to regulate and
control the JNK/ERK signal transduction path-
way. Alongside this, SP600125 (the JNK inhibi-
tor) and U0126 (the ERK inhibitor) weakened
excessive CirckKLK3-25’s action to activate the
JNK/ERK pathway, as well as its action to drive
cell penetration, movement, and multiplication.
This suggests that circKLK3-25 can exert its
oncogenic effects by regulating the JNK/ERK
signal transduction pathway. In addition, over-
expression of miR-874-3p inhibited the JNK/
ERK pathway, suggesting that circKLK3-25 may
regulate the JNK/ERK pathway by modulating
the expression of miR-874-3p and thus the
JNK/ERK pathway. Finally, the in vivo experi-
ments demonstrated thatsilencing circKLK3-25
could reduce the tumor weight and volume in
nude mice, and also diminish the expression
of Ki-67 (a marker of cell proliferation). Im-
portantly, after retarding the circKLK3-25 ex-
pression, the phosphorylation of JNK and ERK
in tumor tissues became alleviated. This result
further verifies that circKLK3-25 boosts cancer
evolution by modulating the JNK/ERK signal
transduction pathway.

It must be acknowledged that this study also
has certain limitations. The signaling pathways
involved in PCa progression are highly complex.
This study focused solely on the JNK/ERK path-
way; future research may explore the regulatory
effects of circKLK3-25 on other relevant path-
ways and the interactions among these path-
ways. In situ transplantation or tail vein injec-
tion metastasis models can be constructed in
the future to systematically validate the regula-
tory role of circKLK3-25 on key phenotypes
such as cell invasion and metastasis in vivo. In
addition, due to the experimental period and
funding, the effects of miRNAs and target
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genes on the PCa malignant phenotype were
not explored in depth in this study for the time
being.

Conclusion

circKLK3-25 is highly expressed in PCa cells
and may be an oncogene in PCa. In terms of
the functioning mechanism, circKkLK3-25 acts
as a sponge for miR-874-3p, promotes PCa cell
proliferation, migration and invasion and EMT
through activating JNK/ERK signaling pathway.
This study unraveled circKLK3-25’s crucial
effect on the progression of PCa in vitro/vivo.
The molecules under the regulatory influence
of circKLK3-25 are yet to be sought further. To
sum up, circKLK3-25 has the potential to be a
biomarker for PCa.
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