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MicroRNA-15a promotes prostate cancer cell
ferroptosis by inhibiting GPX4 expression
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Abstract. Ferroptosis is a novel form of regulated cell death
characterized by accumulated lipid reactive oxygen species
(ROS) and inactivation of glutathione peroxidase 4 (GPX4).
The present study aimed to investigate the role of microRNA
(miRNA/miR)-15a in ferroptosis of prostate cancer cells.
Bioinformatics analysis was performed to predict the
potential interaction between miR-15a and the 3'-untrans-
lated region (UTR) of GPX4 mRNA. The prostate cancer
cell line, LNCAP was transfected with miR-15a mimics or
small interfering (si)-GPX4. Reverse transcription-quan-
titative PCR and western blot analyses were performed to
detect the mRNA and protein expression levels of GPX4,
respectively. Biotin-RNA pull-down and dual-luciferase
reporter assays were performed to verify the interaction
between miR-15a and GPX4 mRNA. The Cell Counting
Kit-8 assay was performed to assess cell proliferation, while
lactate dehydrogenase (LDH) and intracellular ferrous iron
levels were detected via ELISA. Lipid ROS and mitochon-
drial membrane potential (MMP) were assessed via flow
cytometry and staining with C11-BIODIPY probes or JC-1.
Furthermore, lipid peroxidation was identified by measuring
malondialdehyde (MDA) levels. The results demonstrated
that transfection with miR-15a mimics decreased GPX4
protein expression. Bioinformatics analysis revealed poten-
tial binding sites between miR-15a and the 3'-UTR region of
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GPX4, and RNA pull-down and the dual-luciferase reporter
assays further confirmed the interaction between miR-15a
and GPX4 mRNA. Both transfection with miR-15a mimics
and si-GPX4 suppressed cell proliferation, elevated LDH
release, accumulated intracellular ferrous iron and ROS,
disrupted MMP and increased MDA levels. Taken together,
the results of the present study suggest miR-15a induces
ferroptosis by regulating GPX4 in prostate cancer cells,
which provides evidence for investigating the therapeutic
strategies of prostate cancer.

Introduction

Prostate cancer is a malignancy that arises from the lateral
posterior lobes or glands of the prostate, which seriously
threatens the health of those affected (1). Over the past
decades, the therapeutic strategies for prostate cancer have
made significant progression, particularly androgen-depriva-
tion therapy (2). However, the acquired resistance to medicines
targeting androgen receptor has proved a major challenge in
effectively treating prostate cancer. Thus, it is important to
identify novel therapeutic targets for prostate cancer (2).

Ferroptosis is a newly established non-apoptotic form
of regulated cell death caused by failed regulation of gluta-
thione-dependent lipid-peroxide-scavenging (3). Ferroptosis
is biochemically characterized by generation of intracellular
ferrous iron (Fe?*), elevated lipid peroxidation and accumu-
lated lethal reactive oxygen species (ROS) (3). Ferroptosis
plays an important role in regulating different types of
cancer, including triple-negative breast cancer, renal cancer
and gastric cancer (3). For example, cysteine dioxygenase 1
suppresses gastric cancer progression by inducing ferroptosis
of gastric cancer cells (4). In addition, tumor suppressor
BRCAl-associated protein 1 inhibits the development of renal
cancer by inducing ferroptosis via upregulation of Solute
carrier family 7 member 11 (5). However, the role and regu-
latory mechanisms of ferroptosis in prostate cancer remain
unclear.

Several enzymes play critical roles during ferrop-
tosis, of which glutathione peroxidase 4 (GPX4) has been
well studied (6-10). GPX4 is an antioxidant enzyme that
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downregulates lipid hydroperoxides and protects cells from
damage of accumulated ROS, and it is considered a suppressor
of ferroptosis (7). Increasing evidence suggest that GPX4 plays
an important role in tumors (6,8). A recent study revealed
that RSL3 induces cell death in colorectal cancer cells by
triggering ferroptosis via the inactivation of GPX4 (9). In addi-
tion, GPX4 contributes to the vulnerability of ferroptosis in
clear-cell carcinomas (CCCs), and thus is a therapeutic target
in CCCs (10). However, the regulatory mechanisms of GPX4
in prostate cancer remain unknown.

Various genes are involved in tumorigenesis. For example,
mutations of acetyl-CoA carboxylase alpha and DEP domain
containing MTOR interacting protein are associated with
lung cancer (11). MicroRNAs (miRNAs/miRs) are a principal
member of non-coding RNAs, defined as highly conserved
short RNAs, 21-25 nucleotides in length (12). In the past
decades, the functions of miRNAs have been widely studied
in various diseases and pathological processes, particularly
in cancers (13-15). However, only a few miRNAs, including
miR-9, miR-137 and miR-522 have been identified to be asso-
ciated with ferroptosis (16-19). miR-15a is a widely studied
miRNA in cancers, including prostate cancer (20,21). A
bioinformatics study revealed that miR-15a expression was
notably downregulated in blood samples of patients with pros-
tate cancer compared with healthy subjects, suggesting that
circulating miR-15a may be a potential diagnostic biomarker
for prostate cancer (22). Jin et al (23) and Bonci et al (24)
reported that miR-15a functions as a tumor suppressor to
inhibit the proliferation and invasion of prostate cancer cells
by downregulating Wnt/pB-catenin and TGF-p signaling.

The present study aimed to investigate the function of
miR-15a on ferroptotic cell death of prostate cancer cells via
regulation of GPX4 to determine whether miR-15a and GPX4
may be used as potential therapeutic targets for prostate cancer.

Materials and methods

Cell culture. The human prostate cancer cell line, LNCAP was
purchased from the American Type Culture Collection and
maintained in DMEM (Gibco; Thermo Fisher Scientific, Inc.)
supplemented with 10% fetal bovine serum (Gibco; Thermo
Fisher Scientific, Inc.), 100 U/ml penicillin and 100 pg/ml
streptomycin, at 37°C with 5% CO,.

Target prediction. Targetscan (http://www.targetscan.org) was
used to predict the binding sites between miRNA-15a and the
3'-untranslated region (UTR) of GPX4 mRNA.

Cell transfection. miR-15a mimics, miR-15a inhibitor
(anti-miR-15a) and negative control (NC), small interfering
(si)-GPX4 and si-NC were designed and purchased from
Guangzhou RiboBio Co., Ltd. The following sequences were
used: MiR-15a mimics, 5'-UAGCAGCACAUAAUGGUU
UGUG-3'"; miR-15a inhibitor, 5'-CACAAACCAUUAUGU
GCUGCUA-3"; mimic NC, 5-UUUGUACUACACAAAAGU
ACUG-3"; inhibitor NC, 5'-UCUACUCUUUCUAGGAGG
UUGUGA-3'; si-GPX4 forward, 5'-GUGGAUGA AGAUCCA
ACCCdTdT-3' and reverse, 3-GGGUUGGAUCUUCAUCCA
CdTdT-5"; si-NC forward, 5-UUCUCCGAACGUGUCACG
UTT-3' and reverse, 3'-ACGUGACACGUUCGGAGAATT-5'.

LNCAP cells were seeded into 6-well plates at a density of
1x10° cells/well and incubated overnight to achieve monolayer
confluence. Following starvation with serum-free medium for
12 h, cells were transfected with miR-15a mimics or si-GPX4
at 50 nmol/I using Lipofectamine® 2000 (Invitrogen; Thermo
Fisher Scientific, Inc.) according to the manufacturer's instruc-
tions and cultured at 37°C for 48 h, after which subsequent
experiments were performed.

Reverse transcription-quantitative (RT-gPCR). Total RNA
was extracted from LNCAP cells using TRIzol® reagent
(Invitrogen; Thermo Fisher Scientific, Inc.), according to the
manufacturer's instructions. Total RNA was reverse transcribed
into cDNA using the cDNA synthesis kit (Takara Bio, Inc.). The
reverse transcribed reaction was performed as 42°C for 60 min
and 85°C for 5 min. qPCR was subsequently performed using
the SYBR Green Super Mix kit (BD Biosciences) and the
thermocycling conditions were as follows: 40 Cycles of 95°C
for 30 sec, 95°C for 15 sec and 60°C for 15 sec. The following
primer sequences were used for qPCR: U6 forward, 5'-CTC
GCTTCGGCAGCACA-3' and reverse, 5~ AACGCTTCACGA
ATTTGCGT-3'; miR-15a forward, 5'-ACACTCCAGCTG
GGTAGCAGCACATAATGGTTTG-3' and reverse, 5'-CTC
AACTGGTGTCGTGGA-3'; GAPDH forward, 5-AAGAAG
GTGGTGAAGCAGGC-3' and reverse, 5“-TCCACCACCCAG
TTGCTGTA-3"; and GXP4 forward, 5-GCCGGGACCATG
TGCGCGTC-3' and reverse, 5-CAGGATCCGCAAACCACA
CTC-3". Small endogenous nucleolar U6 snRNA and GAPDH
were used as internal controls for normalization of miR-15a
and GXP4 mRNA expression levels, respectively. Relative
expression levels were calculated using the 22244 method (17).

Western blotting. Following transfection, LNCAP cells were
lysed in 1x ice-cold RIPA lysis buffer (Beyotime Institute of
Biotechnology), centrifuged at 13,000 x g at 4°C for 10 min,
and the deposit was discarded. Protein concentration was
determined using the BCA kit (Takara Biotechnology, Inc.).
A total of 35 ug protein was determined via 10% SDS-PAGE,
transferred onto PVDF membranes and blocked with 5%
non-fat milk dissolved in 1xXTBST for 1 h at room tempera-
ture. The membranes were incubated with primary antibodies
against GPX4 (1:1,000; cat. no. ab252833; Abcam) and GAPDH
(1:1,000; cat. no. ab8245; Abcam) overnight at 4°C. Following
the primary incubation, membranes were incubated with
corresponding secondary antibodies including goat anti-rabbit
IgG H&L (HRP; 1:20,000; cat. no. ab6721; Abcam) and rabbit
anti-mouse IgG H&L (HRP; 1:20,000; cat. no. ab6728; Abcam)
for 2 h at room temperature. Protein bands were visualized
using the ECL kit (Invitrogen; Thermo Fisher Scientific, Inc.)
and captured using the Gel imaging system (BD Biosciences).
All antibodies were purchased from Abcam and diluted
according to the manufacturer's instructions.

Biotin RNA pull-down assay. Biotin-labelled wild-type
(WT) miR-15a (Bio-miR-15a-WT), biotin-labelled mutated
(MUT) miR-15a (Bio-miR-15a-MUT) and biotin-labelled NC
(Bio-NC) were purchased from Guangzhou RiboBio Co., Ltd.
The sequences were as follows: Bio-miR-15a-WT, 5'-Bio-UAG
CAGCACAUAAUGGUUUGUG-3";, Bio-miR-15a-MUT,
5'-Bio-UGAUGAUGCAUAAUGGUUUGUG-3'; and Bio-NC,



Bz SPANDIDOS

5§ PUBLICATIONS ONCOLOGY LETTERS 23: 67, 2022 3
B 3000
©
©
A x
GPX4 3UTR 5 CGGAGGAAGGUCCCAUGGCCUG 3 E 2000+
LTI =
miR-15a 5" ACUCCGUCGUGUUAUACCGGAC 3’ g
o 1000+
=
©
[0)
T 9 r ’
Control mi-NC miR-15a
c D
1.5- Control mi-NC miR-15a
[ Y N e e R
N GPX4 M e {22kDa
o |z i it
5 1.0 — GAPDH | M A . 35 Do
°©
>
- I
2 05- o
8 <
: g
0.0- x
(0]

Control mi-NC miR-15a

Control mi-NC miR-15a

Figure 1. miR-15a affects GPX4 expression in prostate cancer cells. (A) Targetscan was used to predict the potential binding between miR-15a and GPX4.
(B) RT-qPCR analysis was performed to assess transfection efficiency of miR-15a mimics and mi-NC in LNCAP cells. (C) RT-qPCR and (D) western blot
analyses were performed to detect GPX4 mRNA and protein expression levels following transfection with miR-15a mimics, respectively. The experiments
were performed in triplicate. “P<0.01 vs. control group; ““P<0.0001 vs. control group. mir, microRNA; GPX4, glutathione peroxidase 4; RT-qPCR, reverse

transcription-quantitative PCR; NC, negative control; UTR, untranslated region.

5'-Bio-UUUGUACUACACAAAAGUACUG-3'. Next, RNA
pull-down was performed by Pierce™ Magnetic RNA-Protein
Pull-Down kit (Thermo Fisher Scientific, Inc.) according
to manufacturer's instructions. Briefly, LNCAP cells were
transfected with Bio-miR-15a-WT, Bio-miR-15a-MUT or
the NC. Following transfection for 48 h at 37°C, cells were
lysed and whole cell extractions were collected by centri-
fuging at 13,000 x g at 4°C for 10 min. Subsequently, 100 ul
lysates were incubated with Streptavidin Magnetic Beads
(MedChemExpress) overnight at 4°C according to manufac-
turer's protocol. The biotinylated nucleic acids coated beads
were subsequently diluted using magnetic to separate the
co-precipitated RNA. The samples were purified, reverse
transcribed into cDNA and detected via RT-qPCR analysis.

Dual-luciferase reporter assay. The sequence of GPX4
mRNA (NM_002085.5) was obtained from GenBank of
The National Center for Biotechnology Information. The
WT complete sequence and MUT binding sites of miR-15a
complete sequence of GPX4 3'-UTR were subcloned into the
psiCHECK™-2 vector (Promega Corporation) and named as
GPX4-UTR WT and GPX4-UTR MUT, respectively. LNCAP
cells were transfected with GPX4-UTR WT or GPX4-UTR
MUT and miR-15a mimics, anti-miR-15a or mi-NC using
Lipofectamine® 3000 (Invitrogen; Thermo Fisher Scientific,
Inc.), according to the manufacturer's instructions. Cells were
lysed and the luciferase activities were measured using the
dual-luciferase reporter assay kit (Promega Corporation) 48 h
post-transfection, which was normalized by comparing with
Renilla luciferase activity.

Cell Counting Kit-8 (CCK-8) assay. The CCK-8 assay
(Abcam) was performed to assess the proliferation of

LNCAP cells. Cells were digested and seeded into 96-well
plates at a density of 1x10° cells/well and transfected with
mi-NC, miR-15a mimics, si-NC, siGPX4 or treated with
normal DMEM (Gibco; Thermo Fisher Scientific, Inc.) as
the control, respectively. CCK-8 solution (10 ul) was added
to each well and further incubated for 2 h. Absorbance was
measured at a wavelength of 450 nm using an absorbance
reader (Multiscan MK3; Thermo Fisher Scientific, Inc.). The
inhibitory ratio of each group was calculated as follows:
(I-average absorbance value + average absorbance value of
control group) x100%.

Lactate dehydrogenase (LDH) detection. LDH is considered
a cell damage biomarker (4). First, 1x10° cells were seeded
per well of the 6-well plates and transfected with mi-NC,
miR-15a mimics, si-NC, siGPX4 and siGPX4. The levels
of LDH were detected using the L-Lactate Dehydrogenase
(Crude Enzyme) kit (cat. no. P3532-100 ml) purchased
from Beyotime Institute of Biotechnology according to the
manufacturer's instructions.

Iron assay. LNCAP cells were transfected with mi-NC,
miR-15a mimics, si-NC and siGPX4 for 48 h at 37°C and then
the intracellular ferrous iron (Fe?*) level was determined using
the Iron Assay kit (Abcam), according to the manufacturer's
instructions. Cells were collected and washed twice in PBS,
and subsequently homogenized with buffer in the kit. The
supernatant was collected and incubated with iron reducer
at room temperature for 30 min. Next, the supernatant was
mixed with iron probe and incubated at room temperature
for 1 h. Absorbance was measured at a wavelength of 593 nm
using a Multiscan MK3 absorbance reader (Thermo Fisher
Scientific, Inc.).
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Figure 2. miR-15a directly interacts with the 3'-UTR of GPX4. (A) The biotin RNA pull-down assay was performed to assess the enrichment of GPX4
following transfection with Bio-miR-15a-WT, Bio-miR-15a-MUT or Bio-NC. (B) Western blot analysis was performed to detect GPX4 protein expression
following transfection with anti-miR-15a inhibitor. Luciferase activity of reporter plasmids containing (C) GPX4-UTR WT or (D) GPX4-UTR MUT miR-15a
binding sequences of GPX4 3-UTR, co-transfected with miR-15a mimics, anti-miR-15a inhibitor and the respective NCs. The experiments were performed
three times. “"P<0.01 vs. control or Bio-miR-15a-WT group. miR, microRNA; UTR, untranslated region; GPX4, glutathione peroxidase 4; WT, wild-type;

MUT, mutant; NC, negative control.

ROS activity assay. Cells were seeded into 6-well plates and
transfected with mi-NC, miR-15a mimics, si-NC and siGPX4.
Following the culture at 37°C for 48 h, cells were stained
with fresh medium containing C11-BODIPY dye (Beyotime
Institute of Biotechnology) at 37°C for 20 min in culture incu-
bator. Next, cells were collected, washed and suspended in
PBS. The cell suspension was detected using a FACSC Calibur
(BD Biosciences).

Evaluation of the mitochondrial membrane potential (MMP).
LNCAP cells were transfected with mi-NC, miR-15a mimics,
si-NC and siGPX4 at 37°C for 48 h, and their MMP was
subsequently analyzed via staining using the JC-1 Assay kit
(Beyotime Institute of Biotechnology). Results were detected
using the FACSC Calibur (BD Biosciences), according to the
manufacturer's instructions.

Lipid peroxidation detection. LNCAP cells were lysed
with 1X ice-cold RIPA lysis buffer (Beyotime Institute of
Biotechnology), centrifuged at 13,000 x g at 4°C for 10 min
and the deposit was discarded. The supernatant was used to
detect lipid peroxidation using the Lipid Peroxidation MDA

Assay kit (Beyotime Institute of Biotechnology), according to
the manufacturer's instructions.

Statistical analysis. Data are presented as the mean + SD.
Analysis of statistical differences were performed using
SPSS 20 software (IBM Corp.) Unpaired Student's t-test
was used to compare differences between two groups, while
one-way ANOVA followed by Tukey's post hoc test was used
to compare differences between multiple groups. P<0.05 was
considered to indicate a statistically significant difference.
Each experiment was performed three times.

Results

miR-15a affects GPX4 expression in prostate cancer cells.
GPX4 plays a critical role in ferroptosis, whereby its suppres-
sion is considered a characteristic of ferroptosis (4-7). To
determine the role of miR-15a in prostate cancer, Targetscan
was used to predict the potential targets of miR-15a. The
results revealed a potential binding between miR-15a and
GPX4 (Fig. 1A). The present study aimed to investigate the
direct regulation of miR-15a to GPX4 by transfecting LNCAP
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Figure 3. miR-15a inhibits the proliferation of prostate cancer cells by regulating GPX4. (A) Reverse transcription-quantitative PCR analysis was performed to
detect GPX4 mRNA expression in LNCAP cells transfected with or without si-GPX4. LNCAP cells were transfected with miR-15a mimics, si-GPX4 or NCs
and the (B) Cell Counting Kit-8 assay was performed to assess cell proliferation and the (C) inhibitory ratio. (D) LDH levels in the supernatant of cultured cells
were measured. The experiments were performed in triplicate. “P<0.01 vs. control or si-NC group. miR, microRNA; GPX4, glutathione peroxidase 4; si, small
interfering; NC, negative control; LDH, lactate dehydrogenase; OD, optical density.

cells with miR-15a mimics. Transfection efficiency of miR-15a
mimics was assessed via RT-qPCR analysis. Results indicated
that transfection of miR-15a mimics significantly upregulated
miR-15a level in LNCAP cells compared with that of LNCAP
cells transfected with mimic controls (Fig. 1B). As presented
in Fig. 1C and D, transfection with miR-15a mimics decreased
GPX4 protein expression, while little change was observed
at the mRNA level. Taken together, these results suggest that
miR-15a may regulate GPX4 expression at a translational level.

Validation of direct interaction between miR-15a and GPX4.
The direct interaction between miR-15a and GPX4 was assessed.
Bio-miR-15a-WT, Bio-miR-15a-MUT and Bio-NC were trans-
fected into LNCAP cells, and the enrichment of GPPX4 was
assessed. As presented in Fig. 2A, GPX4 mRNA was detected
in the WT miR-15a group but not the MUT group. To further
identify the regulatory effect of miR-15a on GPX4, miR-15a
inhibitor (anti-miR-15a) were used. Usually, miRNA inhibitors
do not decrease miRNA expression (18,20). The results of the
present study demonstrated that transfection with miR-15a
inhibitor did not decrease miR-15a expression (Fig. S1). MiRNA
inhibitors can competitively bind with miRNA to suppress the
association between miRNA and target mRNA, and reverse
the inhibitory effect of miRNA on the translation of the target
mRNA (18,20). As presented in Fig. 2B, transfection with
miR-15a inhibitor notably increased GPX4 protein expression.
The dual-luciferase reporter assay was performed with trans-
fection of plasmids containing GPX4-UTR WT or GPX4-UTR

MUT miR-15a binding sequences of GPX4 mRNA 3'-UTR.
The luciferase activity of the GPX4-UTR WT group decreased
following co-transfection with miR-15a mimics, the effects of
which were reversed following transfection with anti-miR-15a
(Fig. 2C). However, the luciferase activity of the GPX4-UTR
MUT group did not change following transfection (Fig. 2D).
Collectively, these results highlight the direct regulatory role of
miR-15a on GPX4.

miR-15a inhibits prostate cancer cell proliferation and
causes cell death via GPX4. To further elucidate the role of
miR-15a and GPX4 in prostate cancer cells, cell proliferation
was assessed following transfection with miR-15a mimics
or si-GPX4. The results demonstrated that transfection with
si-GPX4 significantly decreased GPX4 mRNA expression in
LNCAP cells (Fig. 3A). In addition, the results of the CCK-8
assay demonstrated a significant decline in the proliferation of
cells transfected with miR-15a mimics or si-GPX4 compared
with the control groups (Fig. 3B). Similar inhibitory effects
were observed in the miR-15 mimics and si-GPX4 groups
(Fig. 3C), further confirming that miR-15a functions by
regulating GPX4.

Ferroptosis is a novel type of necrosis, characterized by
destruction of the cell membrane structure and the release of
LDH (4). Thus, the present study detected LDH levels in the
culture medium. As presented in Fig. 3D, transfection with
miR-15a mimics and si-GPX4 significantly increased LDH
levels, which is associated with elevated cell death (4).
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Figure 4. miR-15a induces prostate cancer cell ferroptosis via GPX4. (A) Intracellular ferrous iron levels were determined via the iron assay in LNCAP cells
transfected with miR-15a mimics, si-GPX4 or NCs. (B) Lipid ROS levels were measured via flow cytometric analysis using C11-BODIPY in LNCAP cells
transfected with miR-15a mimics, si-GPX4 or NCs. (C) MMP was detected via JC-1 staining and flow cytometric analysis in LNCAP cells transfected with
miR-15a mimics, si-GPX4 or NCs. (D) MDA levels were measured in LNCAP cells transfected with miR-15a mimics, si-GPX4 or NCs. “P<0.01 vs. control
group. miR, microRNA; GPX4, glutathione peroxidase 4; si, small interfering; NC, negative control; ROS, reactive oxygen species; MMP, mitochondrial
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of intracellular iron (3,4,9). Thus, the present study assessed
the accumulation of redox active metal Fe**, ROS, integrity of
mitochondrial membrane and lipid peroxidation. The levels of

miR-15a induces prostate cancer cell ferroptosis via GPX4.
Ferroptosis is characterized by elevated lipid peroxidation,
disrupted mitochondrial membrane density and accumulation
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intracellular Fe* and lipid ROS accumulation notably increased
in LNCAP cells transfected with miR-15a mimics or si-GPX4
(Fig. 4A and B). In addition, the present study detected the
integrity of mitochondrial membrane via flow cytometric
analysis using JC-1 staining. The decreased membrane
potential following transfection with miR-15a mimics and
si-GPX4 indicated disrupted membrane structure (Fig. 4C).
Furthermore, transfection with both miR-15a mimics and
si-GPX4 significantly increased the levels of MDA (Fig. D),
which is a marker of lipid peroxidation (9). Taken together,
these results suggest that miR-15a triggers ferroptosis via
GPX4 in prostate cancer cells.

Discussion

Recent studies have reported several novel strategies for
diagnosis and therapies of cancers, among which, serum
miRNAs are promising targets for cancer research and treat-
ment (25-27). miRNAs manly function by interacting with the
3'-UTR of target mRNAs to induce degradation of mRNAs or
suppress their translation, leading to the alteration of regula-
tory factors in cellular physiological processes, including cell
proliferation, differentiation, autophagy and apoptosis (28).
Several studies have revealed the function of miRNAs in
prostate cancer (29,30). For example, one analysis of miRNAs
in prostate lesions identified global loss of miRNA expression
during progression of prostate cancer (31). In addition, down-
regulated miR-15a expression has been observed in patients
with prostate cancer compared with healthy subjects (32).
Several studies have implicated that miR-15a may inhibit the
proliferation and metastasis of prostate cancer cells (23,33).

In the present study, bioinformatics analysis revealed the
potential interaction between miR-15a and the 3'-UTR of
GPX4 mRNA, suggesting that miR-15a may regulate GPX4
expression. In addition, transfection with miR-15a mimics
altered GPX4 protein expression, but not GPX4 mRNA
expression, suggesting that miR-15a regulates the translation
of GPX4. miRNA pull-down and the dual-luciferase reporter
assays were also performed. The enrichment of GPX4 and the
enhanced luciferase activity demonstrated the direct binding
of miR-15a to the 3-'UTR of GPX4 mRNA.

A previous study reported that apoptosis of prostate cancer
cells is involved in the development of prostate cancer (34).
However, the role of ferroptosis in prostate cancer progression
remains unclear. Ferroptosis is a newly discovered form of
ferrous iron-associated cell death (3.,4), first described in 2012
by Dixon ef al (35). Within the past decade, several studies
have revealed the regulatory function of ferroptosis in different
types of cancer (36,37). As the key suppressor for ferroptosis,
GPX4 interacts with glutathione to decrease peroxidase reac-
tion within biological membranes, thereby suppressing the
accumulation of lipid ROS and activation of ferroptosis (38).
In the present study, the suppressed cell proliferation and
elevated levels of released cell death biomarker LDH (4)
confirmed the induced cell death following transfection
with miR-15a mimics and si-GPX4. The unique biochemical
characteristics of ferroptosis consist of accumulated ferrous
iron and lipid ROS (10,36). The destructed cell membrane
structure induced by ferroptosis can results in extracellular
release of LDH (4). Here, to confirm that the suppressed cell
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proliferation was indeed caused by ferroptosis, lipid ROS
accumulation was measured via flow cytometric analysis
using C11-BIODIPY probes, the MMP via JC-1 staining, as
well as the cellular iron level. In accordance with the afore-
mentioned features of ferroptosis, transfection with miR-15a
mimics and si-GPX4 simultaneously increased ROS and Fe**
generation, and disrupted the structure of the mitochondrial
membrane.

The present study is not without limitations. First, only
one prostate cancer cell line was assessed. Thus, prospective
studies will focus on assessing androgen receptor negative
prostate cancer cell lines. In addition, it would be useful to
assess normal cell lines to determine whether the protocol is
selective.

In conclusion, the results of the present study demonstrated
that miR-15a induced ferroptosis of prostate cancer cells by
targeting GPX4. These findings may provide novel insights
and targets for the treatment of prostate cancer.
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