
                            European Journal of Histochemistry 2024; volume 68:4063

Activation of Hedgehog pathway by circEEF2/miR-625-5p/TRPM2 axis
promotes prostate cancer cell proliferation through mitochondrial stress
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The purpose of this study was to identify the role played by circEEF2 (has-circ-0048559) in prostate cancer
(PCa) development and to determine the potential mechanism involved. circEEF2, miR-625-5p, and the tran-
sient receptor potential M2 channel protein (TRPM2) were determined using RT-qPCR in PCa. Cell prolifera-
tion was determined by CCK-8 assay and colony formation assay, whereas migration and invasion were
assessed by transwell assay, and apoptosis was evaluated by flow cytometry after annexin V-FITC and propid-
ium iodide staining. The interactions between circEEF2 and miRNAs were investigated through the Circular
RNA Interactome database, and the downstream targets of miR-625-5p were forecasted using TargetScan. The
interaction was confirmed using both the dual luciferase reporter gene assay and RNA pull-down assay.
TRPM2, Hedgehog signaling pathway proteins (GLI1 and GLI2), ubiquinone oxidase subunit B8, and
cytochrome C oxidase subunit IV (COX4) were analyzed by protein blotting. JC-1 fluorescence detection was
applied for mitochondrial membrane potential changes, fluorescent probe assay for intracellular ROS levels,
and immunofluorescence staining for γ-H2AX expression. The role of circEEF2 in PCa tumor growth was test-
ed by xenograft experiments. CircEEF2 expression was upregulated in PCa (p<0.05). Cells of PCa were inhib-
ited in proliferation, migration, invasion, and enhanced in apoptosis by depleting circEEF2 (p<0.05). circEEF2
directly targeted adsorbed miR-625-5p. TRPM2 bound to miR-625-5p. Upregulating TRPM2 likewise reversed
the therapeutic effect of depleting circEEF2 on cancer development in PCa cells. circEEF2 activates the
Hedgehog pathway through the miR-625-5p/TRPM2 axis, promotes mitochondrial stress, and promotes PCa
development in vivo. circEEF2 upregulates mitochondrial stress to promote PCa by activating the Hedgehog
pathway through the miR-625-5p/TRPM2 axis.
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Introduction
Prostate cancer (PCa) is the most prevalent malignancy among

men,1 accounting for 27% of cancer cases with a mortality rate sec-
ond only to lung cancer.2 Currently, standard treatments for PCa
include surgery, radiotherapy, endocrine therapy, and chemothera-
py; however, these conventional treatment options have limited
success.3 Due to uncontrolled proliferation and metastasis of PCa
cells, the median survival of PCa patients is only 2-3 years with
conventional prostatectomy and androgen deprivation therapy.4,5

Therefore, novel biomarkers for PCa therapy and their underlying
molecular mechanisms are urgently needed. Circular RNAs
(circRNAs) are non-coding RNAs containing specific ring struc-
tures with covalent bonds,6 which are evolutionarily conserved,
stable, abundant, and tissue-specific, and their regulatory roles are
involved in cancer genesis and progression.7 circRNAs are differ-
entially expressed in a wide range of malignant tumors and have
been associated with tumorigenesis.8-11 In PCa, circRNA_100395
prevents cell proliferation, alters cell cycle distribution, and
decreases cell migration and invasive ability.4 circ_0006404 accel-
erates PCa cell survival and proliferation, while hindering PCa cell
apoptosis.12 circFOXO3 impedes cell viability and metastasis in
PCa cells.13 Some circRNAs can play biological roles in PCa
development as microRNAs (miRNAs) competing endogenous
RNA (ceRNA).14 circRNAs are capable of focusing on the absorp-
tion of miRNAs, thereby influencing the binding to specific genes
and indirectly enhancing the expression of those genes.15 circEEF2
is an upregulated target in ovarian cancer and promotes autophagy
through the interaction of miR-6881-3p and ANXA2.16

miRNAs are considered to play a major role as tumor suppres-
sor genes, and their dysregulation is currently considered to be a
common feature of human cancer, and their reduction or inhibition
will lead to tumor formation.17,18 miRNAs play a key role in regu-
lating gene expression by binding to mRNA, thereby affecting pro-
tein production and downstream cell function.19 As a member of
the miRNA family, miR-625-5p plays an important role in a vari-
ety of cancers including PCa.20-23

Transient receptor potential melastatin 2 (TRPM2) is a calcium
permeable ion channel, which is considered to be a prognostic
marker of PCa and an important regulator of autophagy.24

However, the regulation of circEEF2 on miR-625-5p/TRPM2 in
PCa is not clear. The Hedgehog (Hh) pathway plays a pivotal role
in embryonic development stages, encompassing cell growth, dif-
ferentiation, and organogenesis.25 In fact, Hh signaling is vital in
the progression of PCa to more severe or drug-resistant
conditions.26 Abnormal mitochondrial function has also been found
to be associated with disease progression and metastasis in PCa
studies.27 Mitochondria play a key role in PCa, including abnor-
malities in metabolic function, mitochondrial fission, and mito-
chondrial DNA mutations.28 These findings provide new ideas and
possible targets for PCa treatment.

This study focuses on how circEEF2 activates the Hh signaling
pathway through the miR-625-5p/TRPM2 axis, and how it pro-
motes the proliferation of PCa cells through mitochondrial stress
mechanisms, with the aim to provide new targets and strategies for
the treatment of PCa.

Materials and Methods

Clinical samples
This study was conducted with the approval of the Ethics

Committee of Central People’s Hospital of Zhanjiang (authoriza-

tion no. 202003ZJ93). A total of 30 pairs of PCa tissues and para-
cancerous tissues were surgically removed from 30 patients with
PCa who received prostatectomy. No subject had received
chemotherapy or radiotherapy prior to radical resection. PCa and
paracancerous tissue specimens were stored at -80°C.

Cell culture
The human normal prostate epithelial cell line RWPE-1 and

PCa cell lines (22Rv1, PC3, Du145) were obtained from the
National Collection of Authenticated Cell Cultures (Shanghai,
China). The cultivation of RWPE-1 was conducted using K-SFM
medium (Gibco, Waltham, MA, USA), Dulbecco’s modified
Eagle’s medium (Gibco) for PC3 and Du145 cells, whereas RPMI-
1640 (Gibco) for 22Rv1 cells. With the medium filled with 10%
fetal bovine serum, 100 U/mL penicillin, and 100 mg/mL strepto-
mycin, cells were kept under 5% CO2.

Cell transfection
GenePharma (Shanghai, China) synthesized small interfering

RNA targeting circEEF2 (si-circEEF2, sequence: GCCGAGATG-
TATGTGAACTTC) and negative control siRNA (si-NC), along
with TRPM2 overexpression plasmid (pcDNA3.1-TRPM2) and
empty plasmid (pcDNA3.1-NC), miR-625-5p mimic, miR-625-5p
inhibitor, mimic NC, and inhibitor NC. Upon attaining 80% con-
fluence, PC3 cells were transfected with plasmids or oligonu-
cleotides using LipofectamineTM 3000 (Invitrogen, Waltham, MA,
USA). RT-qPCR was employed to ascertain the efficiency of the
transfection.

Nucleoplasmic separation assay and RNase 
R assay

RNA specimens from both cytoplasmic and nuclear segments
of PC3 cells were extracted utilizing the PARISTM Kit Protein and
RNA Isolation System Kit (Thermo Fisher Scientific, Waltham,
MA, USA). circEEF2 within the nucleus and cytoplasm was ascer-
tained through RT-qPCR analysis. RNA (5 μg), isolated from cells
with TRIzol reagent, underwent a 30-min incubation at 37°C with
20 U/μL RNase R (3 U/μg RNA; LGC Biosearch Technologies,
Middleton, WI, USA). Controls were treated without RNase R.
circEEF2 and linear EEF2 were determined using RT-qPCR.

CCK-8 assay
CCK-8 assay (Raffles Bio, Nanjing, China) was used for the

measurement of PC3 cell proliferation. Briefly, 48 h after transfec-
tion, a total of 3 × 103 cells were inoculated using a 48-well plate
and incubated at 37°C. At 0, 24, 48, and 72 h, each well received
an addition of 15 μL of CCK-8 (8 mg/mL). Absorbance at 450 nm
was measured following an hour of incubation at 37°C, utilizing a
microplate reader.

JC-1 detection
The BD MitoScreen Kit (BD Pharmingen, San Diego, CA,

USA) was utilized to conduct the JC-1 test. Briefly, after transfec-
tion, PC3 cells were cultured in Petri dishes at 2 × 105 cells/well.
After 24 h, cells were harvested and kept with JC-1 reagent 
(100 ng/mL) for 15 min. Flow cytometry (BD Biosciences) analy-
sis was then performed.

ROS detection
The cells underwent transfection for 48 h, followed by a 20-min

incubation at 37°C in a medium with 10 μM DCFH-DA. Post-PBS
wash, cell fluorescence was quickly observed using an inverted fluo-
rescence microscope, distinguished by its excitation wavelength of 485
nm and emission wavelength of 530 nm. Green fluorescence intensity
was gauged using the image analysis tool, Cell Quest Program.
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Immunofluorescence staining
PC3 cells underwent fixation using 4% paraformaldehyde for

20 min, were permeated with 0.4% Triton X-100 for 1 h, and then
treated with goat serum for 1 h. Subsequently, they were stained
overnight at 4°C with the primary antibody targeting γ-H2AX
(ab195189, 1:200, Abcam, Waltham, MA, USA). Post a PBS rinse,
PC3 cells underwent a 1-h incubation with Alexa Fluor 647 linked
secondary antibody (ab150079, 1:200, Abcam), followed by a 5-
min DAPI staining (Beyotime Biotech, Haimen, China). As a neg-
ative control, only the antibody diluent was used instead of the pri-
mary antibody. Confocal microscopy (FV1000; Olympus
Corporation, Tokyo, Japan) was conducted to observe cells. Image
J software was used to quantify the region of each γ-H2AX focus.

Transwell assays
Migration assay: 24 h post-transfection, the upper compart-

ment received PC3 cells (1 × 104 cells/well) in a serum-free envi-
ronment, whereas the lower compartment was filled with a medi-
um enriched with 10% FBS. Following a 24-h period, PC3 cells
that had migrated were stained using crystal violet (Sigma-Aldrich,
St. Louis, MO, USA) and tallied.

Invasion assay: the upper compartment was covered with
Matrigel© (Millipore, Burlington, MA, USA), in which the trans-
fected PC3 cells (5 × 104 cells/well) were inoculated. In the same
way as in the cell migration assay, the rest of the steps were repeat-
ed. Five random light fields were imaged using a microscope
(Nikon, Tokyo, Japan) and the number of migrated cells was
counted.

Flow cytometric assessment of apoptotic cells
The Annexin V-FITC Apoptosis Kit (Solarbio, Beijing, China)

was utilized to perform the apoptosis assay. After transfection, PC3
cells (105 cells/well) were added to 12-well plates and incubated
for 48 h. The cells underwent trypsin digestion, were reconstituted
in a binding buffer, and then treated with 10 μL of Annexin V-FITC
and propidium iodide for 10 min. The measurement of stained cells
was conducted using flow cytometry (Agilent, Hangzhou, China).

Colony formation assay
Following a 24-h transfection period, PC3 cells were intro-

duced into 6 cm dishes, maintaining a density of 300 cells per well,
and then incubated for a fortnight at 37°C with 5% CO2. Following
a fortnight, the supernatant was discarded, and the cells underwent
a 20-min staining process using crystal violet. The number of
colony formations was counted under a microscope (Nikon,
Tokyo, Japan).

FISH assay
According to the FISH kit instructions (GenePharma,

Shanghai, China), hybridization of circEEF2 was performed using
a Cy2-labeled probe and miR-625-5p using a Cy5-labeled probe
(GenePharma). Then 100 μL of diluted DAPI was added and the

cells were stained in the dark for 15 min, washed with PBS, and
sealed. Confocal laser scanning microscope (FV1000; Olympus)
was utilized to observe the subcellular distribution of circEEF2
and miR-625-5p in PC3 cells.

Dual luciferase reporter gene assay
Potential binding sites between miR-625-5p with circEEF2,

TRPM2 3’UTR were predicted at starbase
(https://rnasysu.com/encori/) and TargetScan (https://www.tar-
getscan.org/). Partial fragments of the 3’UTR of circEEF2 or
TRPM2, including sequences that bind to the wild type or mutant
of miR-625-5p, were cloned into the pmirGLO luciferase vector
(GenePharma). The miR-625-5p mimic or miR-NC was cotrans-
fected with the luciferase reporter into PC3 cells using
LipofectamineTM 3000 for 48 h. Then, luciferase activity was ana-
lyzed using the Luciferase Reporter Gene Assay System kit
(Promega, Madison, WI, USA).

RNA pull down
Biotin-labeled miR-625-5p and the corresponding NC probe

(GenePharma) were incubated with streptavidin-coated beads for 3
h. For 12 h at 4°C, biotin-miR-625-5p probe was incubated with
lysed PC3 cells. After elution from the beads, the complexes were
purified with TRIzol, and circEEF2 and TRPM2 were assessed
using RT-qPCR.

RT-qPCR
Using TRIzol reagent (Thermo Fisher Scientific), total RNA

was isolated from either tumor tissues or PC3 cells. The RT-qPCR
process utilized the PrimeScriptTM RT Kit (Takara Bio Inc.,
Kusatsu, Japan) alongside the Mir-XTM miRNA RT-qPCR
SYBR® Kit (Takara). A quantity equal to 1 μg of total RNA was
converted into cDNA. The presence of mRNA and miRNA in spe-
cific genes was identified through RT-qPCR on an ABI-7900 sys-
tem, utilizing SYBR Green (Takara). Target genes were normal-
ized to GAPDH or U6. The primer sequences are presented in
Table 1.

Western blotting
Proteins were extracted from cells and tumor tissues using

RIPA buffer supplemented with protease inhibitors (Beyotime).
The BCA method (Pierce; Thermo Fisher Scientific) was taken to
detect the amount of protein. Proteins (20 μg) were separated by
SDS-PAGE and then transferred to a nitrocellulose membrane
(Millipore). After sealing in 5% skimmed milk powder, the mem-
branes were incubated at 4°C with the following primary antibod-
ies: TRPM2 (1:300, ab11168, Abcam), GLI1 (1:1000, ab134906,
Abcam), GLI2 (1:500, ab187386, Abcam), NDUFB8 (1:1000,
ab110242, Abcam), COX4 (1:1000, ab110272, Abcam), 
E-Cadherin (1:500, ab40772, Abcam), vimentin (1:1000, ab92547,
Abcam) and GAPDH (1:1000, #5174, Cell Signaling Technology,
USA) overnight. Specific proteins were combined with
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Table 1. Sequences of primers.

circEEF2                                GATCGATCCTGTCCTCGGTA                                                    GACAGACATGTTGCGGATGT
linear EEF2                            TCAAACTGGACAGCGAGGAC                                                TCGTACTTCTCGGCCAGGTA
miR-625-5p                           AGGGGGAAAGTTCTATAGTCC                                                GCAGGGTCCGAGGTATTC
TRPM2                                  CCGAGCAGAAGATCGAGGAC                                                GGGTGGTTACTGGAGCCTTC
GAPDH                                 CACCCACTCCTCCACCTTTG                                                   CCACCACCCTGTTGCTGTAG
U6                                          CTCGCTTCGGCAGCACA                                                          AACGCTTCACGAATTTGCGT

circEEF2, circular RNA eukaryotic elongation factor 2; TRPM2, transient receptor potential (melastatin) 2; GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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horseradish peroxidase-labeled secondary antibody (1:1000,
#ab124055, Abcam), which was incubated for 2 h. Protein signals
were developed using the ECL kit (Thermo Fisher Science) in a
chemiluminescence imager (Image Quant LAS4000 mini, GE
Healthcare, Hatfield, UK) and analyzed using Image J software.

In vivo xenotransplantation
Nude BALB/c mice, aged 5 weeks and male, were acquired

from the Beijing Experimental Animal Research Center in Beijing,
China. RiboBio (Guangzhou, China) created lentiviral vectors for
short hairpin RNA targeting circEEF2 (sh-circEEF2) or NC (sh-
NC). PC3 cells underwent transfection using sh-circEEF2 or sh-
NC, followed by the selection of cells with stable transfection
using puromycin. A total of 5 × 106 PC3 cells, consistently trans-
fected with either sh-circEEF2 or sh-NC, were administered sub-
cutaneously into the sides of mice, with six in each group. Over a
period of 4 weeks, tumor sizes were assessed on a weekly basis,
with the calculation being volume (mm3) = length × width2/2.
Under the influence of isoflurane anesthesia, mice underwent
euthanasia through cervical dislocation. After weighing the tumor
samples, they were utilized to measure TRPM2, GLI1, and GLI2.
Animal experiments were approved by the Central People’s
Hospital of Zhanjiang Animal Management and Use Committee
(authorization no.202005Z660).

Data statistics
An analysis of the data was carried out using GraphPad Prism

8.0 (GraphPad, La Jolla, CA, USA). Experiments were conducted
on three separate occasions. Data are expressed as mean ± SD.
Differences were compared using Student’s t-test or ANOVA with
Tukey’s post-hoc test. Statistics were considered significant at
p<0.05.

Results

circEEF2 is highly expressed in PCa
To detect circEEF2 in PCa, the abundance of circEEF2 was

detected in 30 pairs of PCa tumor tissues and paracancerous tissues
using RT-qPCR. circEEF2 level was upregulated in PCa tumor tis-
sues compared with paracancerous tissues (Figure 1A) and in PCa
cell lines (22Rv1, PC3, Du145) compared to RWPE-1 (Figure 1B).
Given the highest expression of circEEF2 in PC3, subsequent stud-
ies were performed in PC3 cells. Furthermore, nucleoplasmic sepa-
ration assays showed that PC3 cells predominantly contained
circEEF2 in the cytoplasm (Figure 1C). The stability of circEEF2 in
PC3 cells was examined by RNase R digestion. RNase R treatment
significantly decreased the mRNA level of linear EEF2, while
circEEF2 expression remained almost unchanged (Figure 1D).

Depleting circEEF2 inhibits PCa cell malignancy
si-circEEF2 targeting circEEF2 was synthesized and transfect-

ed into PC3 cells to specifically knock down circEEF2 expression
(Figure 2A). Cell proliferation was examined using the CCK-8
assay alongside colony formation assay, revealing that the reduc-
tion of circEEF2 significantly diminished the proliferation capaci-
ty of PC3 cells (Figure 2 B, C). The findings from transwell assay
revealed that reducing circEEF2 levels could prevent the migration
and invasion of PC3 cells (Figure 2D). Our investigation focused
on the impact of reducing circEEF2 levels on proteins related to
epithelial mesenchymal transition markers (EMT) using protein
blotting analysis, and the experimental results presented that
knocking down circEEF2 upregulated E-cadherin and decreased
vimentin (Figure 2E). Flow cytometry further indicated that
knocking down circEEF2 significantly increased the apoptosis rate
(Figure 2F).
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Figure 1. circEEF2 is highly expressed in PCa. A,B) RT-qPCR to detect circEEF2 in PCa tissues and PCa cell lines. C) Nucleoplasmic
separation assay to detect circEEF2 in the cytoplasm and nucleus. D) RNase R treatment of total RNA in PC3 cells was followed by RT-
qPCR to detect the levels of circEEF2 and linear EEF2. All experiments were repeated 3 times and data are shown as mean ± SD. *p<0.05.
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CircEEF2 adsorbs miR-625-5p in PCa cells
We predicted possible miRNA targets of circEEF2 using

bioinformatics tools. According to Circular RNA Interactome,
miR-625-5p might be circEEF2’s target (Figure 3A). miR-625-5p
expression was detected by RT-qPCR in PCa tissues and cell lines
(22Rv1, PC3, Du145). As measured, miR-625-5p was downregu-
lated in PCa (Figure 3 B,C). Dual luciferase reporter gene exper-
iments revealed a reduction in luciferase activity when miR-625-
5p mimic and WT-circEEF2 were co-transfected, while co-trans-
fection with MUT-circEEF2 had no effect (Figure 3D).
Furthermore, miR-625-5p and circEEF2 interact in PCa cells as
demonstrated by RNA-pull-down assays. The biotin-miR-625-5p-
WT group enriched circEEF2 more than the biotin-miR-625-5p-
MUT group (Figure 3E). FISH experiments demonstrated that
circEEF2 was co-localized with miR-625-5p in the cytoplasm
(Figure 3F). In addition, after knockdown of circEEF2, RT-qPCR
found that circEEF2 depletion was able to upregulate miR-625-5p
(Figure 3G).

Depleting miR-625-5p disrupts the action of
circEEF2 depletion on cancer development

Investigating if circEEF2 promotes cancer in PC3 cells by
absorbing miR-625-5p, we introduced si-circEEF2, either solely or
in combination with a miR-625-5p inhibitor, into PC3 cells. RT-
qPCR findings indicated that introducing si-circEEF2 elevated
miR-625-5p levels, whereas the miR-625-5p inhibitor did not alter
miR-625-5p expression (Figure 4A).circEEF2 depletion impeded
cell proliferation, but miR-625-5p downregulation eliminated this
effect (Figure 4 B,C). Meanwhile, When circEEF2 was knocked
down, PC3 cells’ migratory and invasive abilities were blocked,
but they were restored when miR-625-5p was knocked down as
well (Figure 4D). Further, miR-625-5p knockdown abolished the
effect of circEEF2 depletion on EMT (Figure 4E) and apoptosis
(Figure 4F).

TRPM2 is a direct target of miR-625-5p
According to the TargetScan database (https://www.tar-

Figure 2. Knockdown of circEEF2 inhibits proliferation, migration, and invasion and promotes apoptosis of PCa cells. A) RT-qPCR to
detect circEEF2 in PC3 cells. B) CCK-8 assay to detect PC3 cell proliferation. C) Colony formation assay to detect PC3 cell clone for-
mation. D) Transwell assay to detect migratory and invasive ability of PC3 cells. E) Protein blotting to detect the E-cadherin and vimentin
expression level. F) Flow cytometry to detect apoptosis of PC3 cells. All experiments were repeated 3 times and the data are shown as
mean ± SD. *p<0.05.

                                                                    [European Journal of Histochemistry 2024; 68:4063]                                                  [page 281]

2024_4.qxp_Hrev_master  11/11/24  11:24  Pagina 281

Non
-co

mmerc
ial

 us
e o

nly



                             Article

Figure 3. miR-625-5p is adsorbed by circEEF2. A) CircInteractome predicts the binding site of miR-625-5p to circEEF2. B,C) RT-qPCR
to detect miR-625-5p expression in PCa tissues and cell lines. D,E) Dual-luciferase reporter gene assay and RNA-pull-down to validate
the binding of circEEF2 to miR-625-5p. F) FISH to detect the co-localization of circEEF2 with miR-625-5p. G) RT-qPCR to detect miR-
625-5p in PC3 cells. All experiments were repeated 3 times and data are shown as mean ± SD. *p<0.05.

Figure 4. Knockdown of miR-625-5p reverses the inhibition of cancer development by knockdown of circEEF2. A) RT-qPCR to detect
miR-625-5p in PC3 cells after transfection. B,C) CCK-8 assay with colony formation assay to detect proliferation of PC3 cells. D) Transwell
assay to detect the migratory and invasive ability of PC3 cells. E) protein blotting to detect E-cadherin and vimentin expression level. 
F) Flow cytometry to detect apoptosis of PC3 cells. All experiments were repeated 3 times and the data are shown as mean ± SD. *p<0.05.
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getscan.org/), miR-625-5p was shown to have a possible binding
relationship with TRPM2 mRNA, and the binding sites of both
were predicted (Figure 5A). Elevated TRPM2 levels were mea-
sured in PCa tumor tissues (Figure 5B, C) and PCa cell lines
(Figure 5 D,E). When miR-625-5p mimics and WT-TRPM2
were co-transfected, luciferase activity was reduced, whereas
MUT-TRPM2 had no impact (Figure 5F). The biotin-miR-625-
5p-WT group enriched more TRPM2 than the biotin-miR-625-
5p-MUT group by the RNA-pull-down assay, which again con-
firmed that miR-625-5p and TRPM2 were able to bind in a tar-
geted manner (Figure 5G). After transfection of PCa cells using
miR-625-5p mimic and inhibitor, respectively, RT-qPCR and
protein blotting results quantified that miR-625-5p mimic low-
ered TRPM2 levels, whereas miR-625-5p inhibitor further
upregulated TRPM2 (Figure 5 H,I).

TRPM2 upregulation impairs the ability of
circEEF2 depletion to inhibit cancer development

We transfected si-circEEF2 alone or together with TRPM2
overexpressing plasmid into PC3 cells and functional rescue
experiments were performed. RT-qPCR and Western blotting
results showed that si-circEEF2 decreased TRPM2 expression,
while co-transfection of pc-TRPM2 increased TRPM2 expression
(Figure 6 A,B). Increasing TRPM2 impaired the impact of knock-
down of circEEF2 on PC3 cell proliferation (Figure 6 C,D), migra-

tion and invasion (Figure 6E), E-cadherin and vimentin levels
(Figure 6F), and apoptosis (Figure 6G).

circEEF2 regulates miR-625-5p/TRPM2 to 
activate the Hh pathway and promote 
mitochondrial stress

GLI1 and GLI2, key factors of the Hh signaling pathway, were
observed in PC3 cells before and after transfection. protein blotting
results showed that GLI1 and GLI2 expression were downregulat-
ed by knocking down circEEF2, however, inhibition of miR-625-
5p or overexpression of TRPM2 was able to rescue the downregu-
lation of GLI1 and GLI2 (Figure 7A). Mitochondrial stress leads to
drug resistance in cancer cells, which promotes cancer develop-
ment. For mitochondrial stress, the role of circEEF2/miR-625-
5p/TRPM2 axis was explored under the same transfection condi-
tions described above. Alterations in mitochondrial membrane
potential (MMP) were gauged using the fluorescent JC-1 dye.
When MMP is low, JC-1 dye mainly exists in a monomeric form
with green fluorescence, but at elevated MMP levels, it transitions
to red fluorescence, causing JC-1 to cluster. Our results show that
circEEF2 depletion upregulated MMP, yet inhibition of miR-625-
5p or overexpression of TRPM2 downregulated MMP again
(Figure 7B). Mitochondria are important sites for ROS production;
therefore we also assessed the effect on mitochondrial stress by
evaluating intracellular ROS levels by fluorescence microscopy,

Figure 5. TRPM2 is a direct target of miR-625-5p. A) Prediction of the binding site between miR-625-5p and TRPM2. B,C) RT-qPCR and
protein blotting to detect TRPM2 in PCa tumor tissues. D,E) RT-qPCR and protein blotting to detect TRPM2 in PCa cell lines. F,G) Dual-
luciferase reporter gene analysis and RNA-pull-down assay to verify the target binding between miR-625-5p and TRPM2. H,I) RT-qPCR
and protein blotting to detect TRPM2 in PC3 cells after addition of miR-625-5p mimic and inhibitor, respectively. All experiments were
repeated 3 times and data are shown as mean ± SD. *p<0.05.
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which showed that intracellular ROS expression was decreased by
knockdown of circEEF2, and then increased again by co-transfec-
tion of miR-625-5p inhibitor or TRPM2 overexpression plasmid
(Figure 7C). Mitochondrial stress-related proteins NDUFB8 and
COX4 were continued to be detected by protein blotting (Figure
7D), and γ-H2AX in PC3 cells was detected by immunofluores-
cence (Figure 7E). The results showed the same trend as above,
and the downregulation of NDUFB8, COX4 and γ-H2AX in PC3
cells by knockdown of circEEF2 was counteracted by co-transfec-
tion of miR-625-5p inhibitor or TRPM2 overexpression plasmid.

Loss of circEEF2 inhibits PCa growth in vivo
A subcutaneous injection of PC3 cells transfected with si-

circEEF2 or si-NC was performed on  BALB/c nude mice. Images
of the xenografted tumors are shown in Figure 8A. Tumors
knocked down by circEEF2 were significantly reduced in volume
and weight as the number of days increased (Figure 8 B,C). protein
blotting results demonstrated that TRPM2, GLI1 and GLI2 pro-
teins were also significantly reduced in the tumor tissues of mice
knocked down by circEEF2 (Figure 8D), which in vivo re-validat-
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Figure 6. Overexpression of TRPM2 reverses knockdown of circEEF2 to inhibit cancer development. A,B) RT-qPCR and protein blotting
to detect TRPM2 in PC3 cells after transfection. C,D) CCK-8 assay and colony formation assay to detect proliferation of PC3 cells. 
E) Transwell to detect the migratory and invasive ability of PC3 cells. F) Protein blotting to detect E-cadherin and vimentin in PC3 cells.
G) Flow cytometry to detect apoptosis of PC3 cells. All experiments were repeated 3 times and the data are shown as mean ± SD. *p<0.05.
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ed the ability of circEEF2 to affect the TRPM2 activation of the Hh
signaling pathway.

Discussion
Existing studies have shown that circRNAs are specifically

expressed in many diseases and play important regulatory roles in
disease development, among which the study of circRNAs in
tumors has been reported most frequently. Many experiments have
demonstrated that circRNAs play an important role in tumors, such
as liver cancer, 29 gastric cancer,30 lung cancer,31 breast cancer,32

cervical cancer,33 and so on. circRNAs are believed to play a key
role in the progression of PCa.34-36 Similarly, the results of this
study confirmed the presence and elevated expression of a novel
circRNA (circEEF2) in PCa. Both loss-of-function and gain-of-
function studies identified an oncogenic role for circEEF2 in PCa.

There is a close correlation between circRNA function and its
subcellular localization.37 Studies have shown that circRNAs locat-

ed in the cytoplasm play a role mainly by binding to miRNAs,
while RNAs located in the nucleus are mainly involved in the reg-
ulation of transcription or the regulation of gene splicing.38 Most of
the circRNAs in the cytoplasm have a base sequence that binds to
miRNA, which can act as a competitive endogenous RNA to com-
pete for binding miRNA, relieve the inhibition of miRNA on target
genes, and then affect the process of disease development.39 As
circEEF2 is mostly localized in the cytoplasm of PC3 cells, it may
serve as an  endogenous miRNA sponge. Functionally, circEEF2
depletion impeded the proliferation, migration and invasion of PCa
cells and promoted apoptosis. Then, circEEF2 may be a target of
miR-625-5p. MiR-625-5p has been shown to inhibit the prolifera-
tion and metastasis of tumor cells in many cancers. 23,40,41 Our study
found that miR-625-5p was lowly expressed in PCa and miR-625-
5p inhibitor was able to reverse the therapeutic effect of circEEF2
depletion on PCa. The above results confirm that circEEF2 plays a
role as a ceRNA in PCa and that it promotes PCa genesis through
interaction with miR-625-5p.

A calcium-permeable ion channel, TRPM2, is a potential prog-
nostic marker for PCa.42,43 The TRPM2 gene is highly expressed in
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Figure 7. circEEF2 regulates miR-625-5p/TRPM2 to activate the Hh signaling pathway and promote mitochondrial stress. A) Protein blot-
ting to explore the relationship between miR-625-5p, TRPM2 and Hh pathway proteins GLI1 and GLI2. B) JC-1 to determine MMP changes
in PC3 cells. C) Fluorescent probe to detect ROS in PC3 cells. D) protein blotting to detect NDUFB8 and COX4. E) Immunofluorescence
detection of γ-H2AX expression in PC3 cells. All experiments were repeated 3 times and data are shown as mean ± SD. *p<0.05.
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a variety of tumor types, including PCa.44-46 In this study, TRPM2
is a target of miR-625-5p. It was also found that miR-625-5p mim-
ics inhibited TRPM2 expression, whereas miR-625-5p inhibitor
promoted its expression. The study of Shi et al. reported that
TRPM2 can promote the proliferation of PCa cells.47 In our study,
we also found that overexpression of TRPM2 can inhibit the pro-
gression of cancer. Overexpression of TRPM2 reversed the thera-
peutic effect of knockdown of circEEF2 on PCa.

The Hh pathway and mitochondrial stress have been poorly
studied in PCa, yet they are important regulators in cancer. As can-
cer progresses, Hh signaling is aberrantly activated and partici-
pates in cell proliferation, invasion, and metastasis, blocking cell
death signaling, and deregulating metabolism.48 Furthermore, can-
cer cells suffer from mitochondrial stress due to unchecked cell
growth and ROS production, resulting in the destruction of mito-
chondrial DNA and crucial mitochondrial proteins, culminating in
mitochondrial malfunction.49 The proliferative capacity of cancer
cells relies on amino acids, nucleotides, and cholesterol produced
by functioning mitochondria. circIPO11 is able to drive the self-
renewal of hepatocellular carcinoma initiating cells through the Hh
signaling.50 Similarly, in our study, circEEF2 also regulated the Hh
pathway. Differently, that study found that circIPO11 initiated self-
renewal of cancer stem cells by activating the Hh signaling. In con-
trast, our study found that circEEF2/miR-625-5p/TRPM2 promot-
ed cancer development in PCa by activating the Hh pathway and
causing mitochondrial stress and dysfunction. We investigated the
effects of circEEF2/miR-625-5p/TRPM2 on the Hh pathway GLI1
and GLI2 proteins, and the functional mitochondrial proteins
NDUFB8 and COX4, as well as on the intracellular production of
ROS, changes in the mitochondrial membrane potential, and mito-
chondrial damage marker γ-H2AX. 

In short, circEEF2 is upregulated and exerts an oncogenic role
in PCa. Mechanistically, circEEF2 sponges miR-625-5p to pro-
mote TRPM2 expression, which activates the Hh pathway and

mitochondrial stress. However, there are still limitations in this
study. First of all, although this study carried out subcutaneous
tumor formation experiments in nude mice, no in vivo animal
metastasis model experiments were carried out. In addition, the
study found the role of circEEF2 in PCa, but did not further ana-
lyze the clinical correlation. However, for the first time, we found
the mechanism of circEEF2/miR-625-5p/TRPM2 axis in the
development of PCa. These findings suggest that circTENM3 may
be a promising PCa biomarker, and circEEF2 may be a potential
therapeutic target for PCa patients.
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