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Abstract: This study investigated the role of urinary exosomal miR-664a-5p as a potential therapeutic target in 
prostate cancer (PCa). Small RNA sequencing of urinary exosomes from PCa patients with different responses to 
PARP inhibitors revealed that miR-664a-5p was significantly upregulated in responsive patients. Overexpression of 
miR-664a-5p enhanced the sensitivity of PCa cells to PARP inhibitors by directly targeting FOXM1, a transcription 
factor involved in DNA damage repair, leading to the downregulation of DNA damage response genes. Combined 
treatment with miR-664a-5p and olaparib synergistically inhibited tumor growth in a PC-3 xenograft mouse model. 
These findings suggest that urinary exosomal miR-664a-5p is a potential therapeutic biomarker for PARP inhibitor 
response in PCa patients, and targeting FOXM1 via miR-664a-5p represents a promising strategy for enhancing 
PARP inhibitor efficacy in PCa treatment.
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Introduction

Prostate cancer (PCa) is the most common  
cancer and the fifth leading cause of cancer-
related deaths in men worldwide [1]. Despite 
advances in PCa treatment, patients with ad- 
vanced or metastatic disease often develop 
resistance to conventional therapies, leading  
to poor prognosis [2]. Poly (ADP-ribose) poly-
merase (PARP) inhibitors have emerged as a 
promising therapeutic strategy for PCa, particu-
larly in patients with defects in DNA damage 
reponse (DDR) genes, such as BRCA1/2 [3]. 
However, the clinical efficacy of PARP inhibitors 
is limited by the development of resistance, 
and there is a need to identify therapeutic tar-
gets that can enhance the response to these 
agents and overcome this limitation [4]. Iden- 
tifying biomarkers that can predict response to 
PARP inhibitors and serve as potential thera-
peutic targets is crucial for improving treatment 
outcomes and developing personalized thera-
pies for PCa patients.

MicroRNAs (miRNAs) are small non-coding 
RNAs that regulate gene expression post-tran-
scriptionally by binding to the 3’ untranslated 
region (UTR) of target mRNAs [5]. Accumulat- 
ing evidence suggests that miRNAs play critical 
roles in PCa progression, metastasis, and ther-
apeutic resistance [6]. Notably, several studies 
have reported that circulating miRNAs in blood 
or urine can serve as non-invasive biomarkers 
for PCa diagnosis and prognosis [7, 8]. However, 
the potential of urinary exosomal miRNAs as 
therapeutic targets and predictive biomarkers 
for PARP inhibitor response in PCa remains 
largely unexplored. The use of urinary exosomal 
miRNAs as biomarkers is particularly compel-
ling due to the non-invasive nature of urine 
sampling, which offers an edge over other tis-
sue-based biomarkers, typically requiring more 
invasive collection methods. This non-invasive-
ness aligns with the principles of precision 
medicine, aiming to reduce patient discomfort 
while providing tailored therapeutic strategies. 
Such an approach was effectively demonstrat-
ed by Jain et al., who validated urinary exosom-
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al miRNAs as reliable diagnostic and prognostic 
tools [8].

In this study, we aimed to identify urinary exo-
somal miRNAs that are differentially expressed 
in response to PARP inhibitors in metastatic 
castration-resistant prostate cancer (mCRPC) 
patients and investigate their potential as ther-
apeutic targets. We hypothesized that certain 
miRNAs may regulate the expression of genes 
involved in DNA repair pathways, thereby influ-
encing the sensitivity of PCa cells to PARP inhib-
itors. Furthermore, we sought to explore the 
molecular mechanisms underlying the interac-
tion between the identified miRNAs and PARP 
inhibitor response, focusing on their potential 
roles in modulating the expression of DDR 
genes and forkhead box M1 (FOXM1).

Methods

Patients

The study protocol was approved and carried 
out in accordance with the approved guidelines 
by the Institutional Review Board at the Catholic 
University of Korea, Seoul St. Mary’s Hospital 
(IRB approval No. MC20SNSI0161). Urine spec-
imens of PCa patients who different responses 
to PARP inhibitors were obtained from the 
Korea Prostate Bank (Seoul, Republic of Korea) 
with informed consent.

Mid-stream urine specimens were collected 
before drug treatment, and were centrifuged at 
2,500 rpm for 20 min at 4°C. The supernatant 
was transferred to new tubes and stored at 
-80°C.

Small RNA sequencing

Urinary exosome isolation, exosomal RNA ex- 
traction, library preparation, sequencing, and 
data analysis were performed as described in 
our previous study [9]. Briefly, urinary exosomes 
were isolated using ATPS (Exo2D, ExosomePlus, 
Gyeonggi, Republic of Korea) and exosomal 
total RNA was extracted using a miRNeasy 
Serum/Plasma Kit (Qiagen, Hilden, Germany). 
NEBNext Multiplex Small RNA Library Prep kit 
(New England BioLabs, Ipswich, MA, USA) was 
used for library construction, and high-through-
put sequencing was performed on a Next- 
Seq550 system (Illumina, San Diego, CA, USA). 
Sequence reads were mapped using Bowtie 2, 

and read counts were normalized using  
CPM + TMM method for comparison between 
samples.

Drugs and reagent

Olaparib (AZD2281, S1060), talazoparib (BMN 
673, S7048), niraparib (MK-4827, S2741), and 
rucaparib (AG-014669, S1098) were purch- 
ased from Selleck Chemicals (Houston, TX, 
USA). Dimethyl sulfoxide (DMSO) and (2-hy- 
droxypropyl)-β-cyclodextrin were purchased 
from Sigma-Aldrich (St. Louis, MO, USA). For in 
vitro experiments, all drugs were dissolved in 
DMSO and stored at -20°C. The final DMSO 
concentration did not exceed 0.1%.

MiR-664a-5p mimic (Assay ID: MC13213), miR-
98-5p mimic (Assay ID: MC10426), miR-95-3p 
mimic (Assay ID: MC10147), and miRNA nega-
tive control (NC) mimic were purchased from 
Thermo Fisher Scientific (Waltham, MA, USA).

Cell lines and cell culture

C4-2B and 22Rv1 cells were obtained from the 
American Type Culture Collection (Manassas, 
VA, USA), and PC-3 cells were obtained from 
Korean Cell Line Bank (Seoul, Republic of 
Korea). All of three cell lines were cultured in 
RPMI 1640 medium (Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 10% fetal 
bovine serum (FBS; Gibco), 100 units/mL peni-
cillin, and 0.1 mg/mL streptomycin (Gibco). 
Cultures were incubated at 37°C in a humidi-
fied atmosphere containing 5% CO2. All cells 
were routinely tested and checked for the 
absence of mycoplasma.

MiRNA transfection and treatment

The cells were transfected with miR-664a-5p, 
miR-98-5p, miR-95-3p, and miR-NC using 
LipofectamineTM RNAiMAX (Invitrogen; Thermo 
Fisher Scientific, Inc.) according to manufactur-
er’s protocol. After 5 h of incubation, the medi-
um was replaced and cell were treated with 
PARP inhibitors or DMSO. The PAPR inhibitor 
concentrations applied were as follows: for 
C4-2B cells, 2 μM olaparib, 20 nM talazoparib, 
2 μM niraparib, and 10 μM rucaparib; for PC-3 
cells, 5 μM olaparib and 0.2 μM talazoparib; 
and for 22Rv1 cells, 20 μM olaparib and 0.5 
μM talazoparib.
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Table 1. Sequence of primer for RT-qPCR
Gene Forward sequence (5’ to 3’) Reverse sequence (5’ to 3’)
FOXM1 TTCAGAACCCTTAGACCTCATC GCTGAGGCTGTCATTCATTGTG
BRCA1 TCACAGTGTCCTTTATGTAAGAATG ACTCCAAACCTGTGTCAAGC
BRCA2 CTTGCCCCTTTCGTCTATTTG GTCGCCACTGGAGGTTGC
BRIP1 GGAAGAAGCAGGGAAAGCAG GAGGCACTATTCTCTGATGACC
EXO1 CCTGCCCATTCAAGAAGTCATAG TAATCACTCGTTCCACTCCCAC
RAD51 TTGTAGACAGTGCCACCGCC AACATCGCTGCTCCATCCAC
B2M TGCTGTCTCCATGTTTGATGTATCT TCTCTGCTCCCCACCTCTAAGT

After the indicated time period, the cells were 
harvested and used for cellular and molecular 
analysis.

Cell viability assay

Cell viability was assessed using cell counting 
kit-8 (CCK-8, Dojindo, Rockville, MD, USA) 
according to the manufacturer’s instructions. 
After 5 days of transfection and treatment, the 
supernatant was replaced with culture medium 
containing 10% CCK-8 reagent and incubated 
for an additional 1 h. Cell viability was indicated 
by the absorbance at 450 nm using a micro-
plate reader (Molecular Devices, San Jose,  
CA, USA). All experiments were performed in 
triplicate.

Reverse transcription-quantitative polymerase 
chain reaction (RT-qPCR)

After 3 days of transfection and treatment, RNA 
extraction, cDNA synthesis and qPCR were car-
ried out as previously described [10]. Relative 
gene expression was determined by normaliz-
ing to B2M using the 2-ΔΔCT method. Primer pairs 
used are listed in Table 1.

Western blot analyses

Cell lysates were prepared with PRO-PREPTM 
protein extraction solution (iNtRON Biotechno- 
logy Inc., Gyenggi, Republic of Korea). Proteins 
were separated by SDS-PAGE and transferred 
onto nitrocellulose membranes. The mem-
branes were blocked and subsequently incu-
bated overnight at 4°C with specific primary 
antibodies against FOXM1 (1:1000, Santa Cruz 
Biotechnology, Inc., Dallas, TX, USA) and β-actin 
(1:5000, Abcam, Cambridge, UK). The mem-
branes were washed and then incubated with a 
horseradish peroxidase-conjugated horse anti-
mouse or anti-rabbit IgG (GenDEPOT, Barker, 

TX, USA). The protein bands were 
visualized using an enhanced 
chemiluminescence detection kit 
(Thermo Fisher Scientific, Inc.), 
and detected using X-ray film [10].

Dual-luciferase reporter assays

The 3’UTR sequence of FOXM1 
mRNA containing predicted target 
site of miR-664a-5p were chemi-
cally synthesized from Bioneer 

Corporation (Daejeon, Republic of Korea). 
Synthesized DNA fragments were inserted into 
the NheI and XbaI sites of pmirGLO (Promega 
Corporation, Madison, WI, USA), and identified 
by DNA sequencing assay. PC-3 cells were co-
transfected with reporter plasmid and miRNA 
in 24-well plates using Lipofectamine® 2000 
transfection reagent (Invitrogen). Luciferase 
activity was measured after incubation for 48  
h using the Dual-Luciferase Reporter Assay 
System (Promega) according to the manufac-
turer’s instructions. Firefly luciferase activity 
was normalized to renilla luciferase activity.

In vivo study

All experimental procedures were approved  
by the Institutional Animal Care and Use 
Committee of the Catholic University of Korea 
(CUMC-2022-0109-01). Five-week-old male 
BALB/c nude mice (body weight 20-25 g) were 
obtained from Orient Bio (Gyeonggi, Republic  
of Korea). The mice were injected subcutane-
ously in the flank with 1.5 × 106 PC-3 cells in 
100 µL PBS with 100 µL Matrigel (Corning, NY, 
USA). When tumor volumes reached approxi-
mately 40 mm3, the mice were randomly divid-
ed into four groups (n=6): (1) control group 
(vehicle + miR-NC); (2) olaparib group (olaparib 
+ miR-NC); (3) miR-664a-5p group (vehicle + 
miR-664a-5p); (4) combination group (olaparib 
+ miR-664a-5p).

For the in vivo experiments, olaparib was dis-
solved in 10% (2-hydroxypropyl)-β-cyclodextrin 
at a concentration of 50 mg/kg and adminis-
tered via intraperitoneal injections 5 days a 
week. In vivo-jetPEI (Polyplus Transfection, 
Illkirch, France) was used as an in vivo delivery 
agent for miRNAs. The miRNA/in vivo-jetPEI 
complexes (miRNA 10 μg and in vivo-jetPEI 
reagent 1.2 μl for each mouse) were delivered 
intratumorally three times at 2-day intervals. 
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Tumor size was measured through the experi-
mental period at 3-day intervals, and tumor vol-
ume was calculated as width2 × length × 0.5. 
The mice were sacrificed after 10 days of treat-
ment. Mice xenografts tissues were embedded 
in paraffin wax for immunohistochemical (IHC) 
assay using antibodies against Ki-67 (1:300, 
Abcam). Counter staining with hematoxylin was 
performed. Tissue sections were examined 
under a light microscope (Carl Zeiss Inc., Jena, 
Germany).

Statistical analyses

The results of in vitro experiments are ex- 
pressed as mean ± SD (standard deviation), 
whereas the results of in vivo experiments are 
expressed as mean ± SE (standard error). 
Differences between values were analyzed 
using Student’s t test or one-way analysis of 
variance (ANOVA) test in GraphPad Prism 5 
(GraphPad Software, San Diego, CA, USA). 
P-values <0.05 were considered statistically 
significant.

Results

Identification of urinary exosomal miRNAs as-
sociated with PARP inhibitor response in PCa 
patients

We performed small RNA sequencing on urine 
samples from PCa patients (n=8) who exhibited 
different responses to olaparib and talazopar-
ib. Hierarchical clustering analysis revealed dis-
tinct miRNA expression profiles between the 
response and non-response groups for both 
olaparib (Figure 1A) and talazoparib (Figure 
1B). MiR-664a-5p was significantly upregulat-
ed in the response group for both PARP inhibi-
tors, while miR-98-5p and miR-95-3p were 
upregulated in the non-response group (Figure 
1C).

MiR-664a-5p enhances PARP inhibitor sensi-
tivity in PCa cells

To validate the functional role of the identified 
miRNAs in PARP inhibitor response, we trans-
fected PCa cell lines (C4-2B, PC-3, and 22Rv1) 
with miRNA mimics and assessed their sensi-
tivity to olaparib and talazoparib using cell via-
bility assays. Overexpression of miR-664a-5p 
significantly increased the sensitivity of all 
three cell lines to both PARP inhibitors (Figure 

2A). Overexpression of miR-98-5p and miR-95-
3p significantly increased the sensitivity of the 
C4-2B cells to both PARP inhibitors. In contrast, 
the overexpression of miR-98-5p and miR-95-
3p in PC-3 cells increased sensitivity to olapar-
ib, but had no effect on talazoparib. In 22Rv1 
cells, overexpression of miR-98-5p and miR-
95-3p did not affect the sensitivity to both 
PARP inhibitors (Figure 2B, 2C). Overexpression 
of miR-664a-5p significantly enhanced the sen-
sitivity of C4-2B cells to all four PARP inhibitors 
(Figure 3), suggesting that miR-664a-5p plays 
a crucial role in modulating the response to 
various PARP inhibitors in PCa cells.

MiR-664a-5p downregulates FOXM1 expres-
sion by directly targeting its 3’UTR

To identify the target genes of miR-664a-5p, we 
explored the miRWalk database and found a 
putative binding site for miR-664a-5p in the 
3’UTR of FOXM1 mRNA. We investigated wheth-
er miR-664a-5p regulates FOXM1 expression in 
PCa cells. The predicted binding site between 
miR-664a-5p and FOXM1 3’UTR is shown in 
Figure 4A. Dual-luciferase reporter assays 
using a vector containing the 3’UTR of FOXM1 
showed that miR-664a-5p significantly sup-
pressed the luciferase activity of the FOXM1 
3’UTR construct (Figure 4B), indicating that 
miR-664a-5p directly binds to the 3’UTR of 
FOXM1 to downregulate its expression. Over- 
expression of miR-664a-5p significantly re- 
duced FOXM1 mRNA (Figure 4C) and protein 
levels (Figure 4D) in C4-2B, PC-3, and 22Rv1 
cells.

MiR-664a-5p and olaparib synergistically sup-
press DDR gene expression

We examined the expression of four genes 
(BRCA2, BRIP1, EXO1, and RAD51) that are 
both targets of FOXM1 and key DDR genes in 
PCa cells treated with miR-664a-5p, olaparib, 
or their combination. Combined treatment with 
miR-664a-5p and olaparib led to a significant 
reduction in the expression of all four DDR 
genes compared to either treatment alone 
(Figure 5A-C).

Combined treatment with miR-664a-5p and 
olaparib synergistically inhibits PCa tumor 
growth in vivo

We evaluated the efficacy of combined miR-
664a-5p and olaparib treatment in a PC-3 
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Figure 1. Small RNA sequencing for analysis of urinary exosomal miRNAs. A. Hierarchical clustering showing miRNAs differentially expressed in response to olaparib 
(fold-change >2, normalized read counts >6, p-value <0.05). B. Hierarchical clustering showing miRNAs differentially expressed in response to talazoparib (fold-
change >2, normalized read counts >8). C. Venn diagram for the intersections between the four miRNA expression profiles. Red circle indicates miRNA that was 
found to be significantly upregulated in the response group of both olaparib and talazoparib. Blue circle indicates miRNA that was found to be significantly upregu-
lated in the non-response group of both olaparib and talazoparib.
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Figure 2. MiR-664a-5p increases sensitivity to a PARP inhibitor in prostate cancer cells. Three prostate cancer cells 
(C4-2B, PC-3, and 22Rv1) were transfected with miR-664a-5p mimic (A), miR-98-5p mimic (B), miR-95-3p mimic 
(C) or negative control miRNA mimic (miR-NC). Then, cells were incubated with olaparib or thalazoparib for 5 days, 
and cell viability was measured using the cell counting kit-8 assay. *P<0.05, **P<0.01, ***P<0.001. All data were 
presented as the mean ± SD of two experiments performed in triplicate.

Figure 3. MiR-664a-5p enhances sensitivity to different PARP inhibitors. The 
C4-2B cells were transfected with miR-664a-5p mimic or negative control 
miRNA mimic (miR-NC), and then exposed to four different PARP inhibitors. 
After 5 days, cell viability was measured using the cell counting kit-8 assay. 
**P<0.01, ***P<0.001. Data was presented as the mean ± SD of two ex-
periments performed in triplicate.

xenograft mouse model (Figure 6A). Mice tre- 
ated with the combination therapy exhibited 
significantly reduced tumor growth compared 
to those treated with either miR-664a-5p or 

olaparib alone (Figure 6B).  
IHC analysis of the xenograft 
tumors revealed a significant 
decrease in Ki-67 positive 
cells in the combination treat-
ment group (Figure 6C).

Discussion

In this study, we identified uri-
nary exosomal miR-664a-5p 
as a potential therapeutic tar-
get for PARP inhibitor response 
in PCa patients. The differen-
tial expression of miR-664a-
5p in response versus non-
response groups suggests its 
critical involvement in modu-
lating PARP inhibitor efficacy. 
Our findings demonstrate that 

miR-664a-5p enhances the sensitivity of PCa 
cells to PARP inhibitors by directly targeting 
FOXM1, a transcription factor involved in DDR 
and chemoresistance. Overexpression of miR-
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Figure 4. MiR-664a-5p directly targets to FOXM1. (A) Schematic structure of the dual luciferase reporter vector, and 
binding sites between miR-664a-5p and FOXM1 predicted through miRWalk. (B) PC-3 cells were co-transfected with 
FOXM1 3’UTR-luciferase reporter, and miR-664a-5p mimic or negative control miRNA mimic (miR-NC). After 48 h, 
relative luciferase activity of the reporter was evaluated by dual luciferase reporter analysis. 3’UTR: 3’ untranslated 
region. (C, D) Three prostate cancer cells (C4-2B, PC-3, and 22Rv1) were transiently transfected with miR-664a-5p 
mimic or miR-NC mimic. After 3 days of transfection, FOXM1 mRNA (C) and protein (D) expression was determined 
by RT-qPCR and western blot analyses, respectively. β-actin was the loading control. **P<0.01, ***P<0.001. Data 
in (B and C) were presented as the mean ± SD of three experiments performed in triplicate.

Figure 5. Combination with miR-664a-5p and olaparib 
decreases the expression of DNA repair genes. The 
C4-2B (A), PC-3 (B), and 22Rv1 (C) cells were trans-
fected with miR-664a-5p mimic or negative control 
miRNA mimic (miR-NC). Then, cells were incubated 
with olaparib for 3 days. The mRNA expression was 
quantified using RT-qPCR. B2M mRNA was used as 
an internal control to normalize the data. *P<0.05, 
**P<0.01 vs. olaparib group; #P<0.05, ##P<0.01, 
###P<0.001 vs. miR-664a-5p group. All data were 
presented as the mean ± SD of two experiments per-
formed in triplicate.

664a-5p in PCa cells significantly reduced 
FOXM1 expression, leading to the downregula-
tion of key DDR genes. Furthermore, combined 

treatment with miR-664a-5p and olaparib syn-
ergistically inhibited PCa tumor growth in vivo, 
suggesting that miR-664a-5p could be used as 
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a therapeutic agent in combination with PARP 
inhibitors.

Our findings are consistent with the emerging 
literature that underscores the role of miRNAs 
in cancer therapy resistance. Fabris et al. [7] 
highlighted the potential of miRNAs to influence 
drug resistance mechanisms in prostate can-
cer and emphasized the need to validate their 
translational potential in clinical management. 
This provided a basis for our study, where we 
identified that miR-664a-5p modulates sensi-
tivity to PARP inhibitors by targeting and down-
regulating FOXM1, a known regulator of DDR 
genes. FOXM1 is a transcription factor that 
regulates cell cycle progression, DDR, and che-
moresistance in various cancers, including PCa 
[11-13]. Recent studies have shown that FOXM1 
overexpression is associated with poor progno-
sis and resistance to chemotherapy and radio-
therapy in PCa [10, 14, 15]. Moreover, FOXM1 
has been implicated in the regulation of DDR 

genes, such as BRCA1/2 and RAD51, suggest-
ing its potential involvement in PARP inhibitor 
resistance [16, 17].

Various studies have highlighted the role of dif-
ferent miRNAs in PCa, emphasizing their poten-
tial as diagnostic, prognostic, and therapeutic 
targets. For example, miR-301a has been iden-
tified as strongly correlated with PCa recur-
rence and metastasis, making it a promising 
biomarker for tracking disease progression 
[18]. Similarly, miR-375 and miR-141 are signifi-
cantly upregulated in PCa and are associated 
with high-risk tumors and advanced disease 
stages, which suggests their potential utility in 
clinical assessments of PCa severity and pro-
gression [19]. In addition, Duca et al. recently 
reported that miR-19b-3p and miR-101-3p we- 
re differentially expressed in prostate cancer 
tissues and their altered levels were associat- 
ed with various clinical parameters, suggesting 
their potential as non-invasive biomarkers for 

Figure 6. Combination with miR-664a-5p and olaparib inhibits tumor growth in vivo. A. Timeline of the establish-
ment of PC-3 xenograft mouse model and combination treatment. B. Mean tumor volume of the four treatment 
groups (control, olaparib, miR-664a-5p, and combination) in the PC-3 xenograft model. C. Representative results 
of immunohistochemistry for Ki-67 in the four groups. The tumor tissues were stained using Ki-67 (brown), and the 
nuclei were counterstained with hematoxylin (blue). The bar graph represents the quantitative assessment of Ki-67 
expression. Scale bar, 100 μm. **P<0.01, ***P<0.001. Data were presented as the mean ± SE (n=6).
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prostate cancer diagnosis and prognosis [20]. 
Another study highlights the differential expres-
sion of miRNAs like miR-130a, miR-181, and 
miR-328, which are associated with drug resis-
tance and epithelial-to-mesenchymal transi- 
tion in PCa. This indicates that certain miRNAs 
can influence the cellular mechanisms underly-
ing therapy resistance and metastatic poten-
tial, presenting a targeted approach for thera-
peutic intervention [21].

In addition to the aforementioned miRNAs, 
recent studies have highlighted the involve-
ment of miR-664a-5p in diverse biological pro-
cesses and diseases, including cancer. While 
the direct association between miR-664a-5p 
and PCa has not been studied, its involvement 
in other cancer types and cellular processes 
suggests that it may also play a role in PCa. For 
instance, a study by Xiao et al. suggested that 
plasma miR-664a-5p levels were associated 
with lung cancer risk in a Chinese case-control 
study, indicating its potential as a biomarker for 
cancer diagnosis [22]. Additionally, miR-664a-
5p has been implicated in the regulation of cel-
lular processes such as neuronal differentia-
tion [23], apoptosis, and mitochondrial ho- 
meostasis in vascular smooth muscle cells 
[24], as well as osteogenic differentiation of 
human bone marrow-derived mesenchymal 
stem cells [25]. These findings suggest that 
miR-664a-5p may have a broader impact on 
cellular mechanisms that are also relevant to 
cancer progression, such as cell differentiation, 
apoptosis, and cellular homeostasis.

However, several limitations must be acknowl-
edged. The sample size of our study was rela-
tively small, which may affect the generalizabil-
ity of our results. Furthermore, while our study 
focused on mCRPC patients, the variability in 
treatment backgrounds across studies can 
complicate direct comparisons of biomarker 
efficacy. Additionally, the miRNA regulatory net-
works are immensely complex, and the roles of 
other miRNAs and their potential interactions 
were not explored in depth in this study. Future 
studies should aim to delineate these networks 
more comprehensively and include larger, more 
diverse patient cohorts to validate the clinical 
utility of miR-664a-5p and other miRNAs.

In conclusion, our study identifies urinary exo-
somal miR-664a-5p as a potential therapeu- 
tic target for PARP inhibitor response in PCa 

patients. The synergistic effect of miR-664a-5p 
and olaparib in suppressing PCa tumor growth 
provides a rationale for the development of 
miRNA-based therapies in combination with 
PARP inhibitors for the treatment of PCa.
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