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Although various treatment options are available for prostate cancer (PCa),
including androgen deprivation therapy (ADT) and chemotherapy, these
approaches have not achieved the desired results clinically, especially in the
treatment of advanced chemotherapy-resistant PCa. The PIZK/AKT/mTOR (PAM)
signaling pathway is a classical pathway that is aberrantly activated in cancer cells
and promotes the tumorigenesis, metastasis, resistance to castration therapy,
chemoresistance, and recurrence of PCa. Noncoding RNAs (hcRNAs) are a class
of RNAs that do not encode proteins. However, some ncRNAs have recently
been shown to be differentially expressed in tumor tissues compared with
noncancerous tissues and play important roles at the transcription and
posttranscription levels. Among the types of ncRNAs, long noncoding RNAs
(IncRNAs), microRNAs (miRNAs), circular RNAs (circRNAs), and Piwi-interacting
RNAs (piRNAs) can participate in the PAM pathway to regulate PCa growth,
metastasis, angiogenesis, and tumor stemness. Therefore, ncRNA therapy that
targets the PAM signaling pathway is expected to be a novel and effective
approach for treating PCa. In this paper, we summarize the types of ncRNAs
that are associated with the PAM pathway in PCa cells as well as the functions and
clinical roles of these ncRNAs in PCa. We hope to provide novel and effective
strategies for the clinical diagnosis and treatment of PCa.
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GRAPHICAL ABSTRACT

1 Introduction

According to Global Cancer Statistics 2022, prostate cancer
(PCa) is the fourth most common malignant tumor worldwide
(incidence of 7.3%), and it is the second most prevalent malignant
tumor in men (prevalence of 14.2%) and the fifth leading cause of
malignant tumor-related death in men (7.3% of tumor-related
deaths) (1). Moreover, PCa has a heterogeneous regional
distribution, and it is the most common cancer in 118 countries
(e.g., around northern Europe, Australia-New Zealand, and the
Caribbean) (1). Advanced PCa is the main cause of PCa-related
death, and it is treated mainly with androgen deprivation therapy
(ADT) and chemotherapy; however, advanced PCa is susceptible to
drug resistance development after a period of treatment (2).
Therefore, understanding the mechanisms underlying PCa
development and progression is important for preventing and
treating this condition.

The PI3K/AKT/mTOR (PAM) signaling pathway is highly
conserved in eukaryotes, and it is the pathway that is most often
abnormally activated in malignant tumors (3). Studies have shown
that aberrant activation of the PAM pathway may be the result of
gene mutation/amplification, epigenetic modification, and aberrant
regulation of other signaling pathways; recently, the regulation of
epigenetic modifications, which mainly include DNA methylation,
histone posttranslational modification, and ncRNAs regulation, has
become a popular research topic (3). The PAM signaling pathway
regulates tumor cell proliferation, apoptosis, metastasis, and
angiogenesis; thus, the PAM signaling pathway has become a
target for the treatment of malignant tumors (4). For example,
XL147 (an inhibitor of PI3K class 1 molecules) can inhibit the
proliferation of breast cancer and PCa cells; inhibit the migration,
invasion, and angiogenesis of melanoma cells in vitro; and increase
the efficacy of chemotherapy in mice with breast cancer (5).
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Inhibition of the PAM signaling pathway enhances the immune
checkpoint blockade response. Understanding the potential
mechanisms underlying the aberrant activation of the PAM
signaling pathway in PCa cells could provide valuable insights
into overcoming PCa.

Noncoding RNAs (ncRNAs) are a class of RNAs that are not
translated into proteins; these molecules are involved in gene
modification, RNA transcription, protein translation, and
functional travel (6). Current studies have briefly described the
roles of several categories of ncRNAs, such as long noncoding RNAs
(IncRNAs), microRNAs (miRNAs), circular RN As (circRNAs), and
piwi-interacting RNAs (piRNAs), in PCa. These ncRNAs show
promise as diagnostic and prognostic markers of PCa (7). For
example, the IncRNA SChLAPI is highly expressed specifically in
PCa cells and is enriched mainly in high-risk patients and
metastatic patients; thus, SChLAPI can be used to predict and
diagnose the occurrence and metastasis of PCa (8). In addition,
miR-145 overexpression can improve the radiosensitivity of
PCa cells by impairing DNA gene repair (9), suggesting that
the modulation of ncRNA expression is a promising strategy
for treating PCa. In recent years, many studies have focused on
the mechanism underlying ncRNA functions in PCa, and it has
been shown that ncRNAs can regulate the growth, apoptosis,
epithelial-mesenchymal transition (EMT), metastasis, immune
microenvironment, and other behaviors of cancer cells by
regulating the PAM signaling pathway (10); therefore, ncRNAs
that are related to PAM signaling are likely to constitute a large class
of targets for treating PCa.

In conclusion, in this review, we elucidate in detail the complex
relationship between ncRNAs and the PAM signaling pathway in
the development of PCa. Notably, to date, no relevant review has
comprehensively reported the ncRNAs that are involved in the
PAM signaling pathway in PCa cells.
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2 Types of ncRNAs that are linked to
the PAM signaling pathway

In prostate cancer, ncRNAs associated with the PAM signaling
pathway can be divided into four categories by class: IncRNAs,
miRNAs, circRNAs, and piRNAs (Table 1).

2.1 LncRNAs

LncRNAs are a class of RNAs that are more than 200
nucleotides in length and do not encode proteins; most of the
IncRNAs that are involved in the PAM signaling pathway in PCa
cells, such as LINC01088 (11), MALATI (26, 27), RHPN1-AS1 (12),
DANCR (13), ZEBI-ASI (15), and LINC004600 (28), are oncogenes
that can promote cancer cell viability, proliferation, metastasis, etc.
In PCa cells, the IncRNAs that participate in the PAM signaling
pathway as antioncogenes mainly include MBNLI-ASI, HCGII,
and GDPD4-2, all of which are underexpressed in PCa cells
compared with normal prostate cells (14, 16, 37). The IncRNAs
that are the focus of this project regulate the PAM signaling
pathway at multiple levels, and the direct targets that have been
well studied include miRNAs, coding RNAs, and proteins. The
current study indicates that most IncRNAs act as sponges for
miRNAs, decreasing their expression. Nevertheless, some
IncRNAs, such as the IncRNA CHRF, which positively regulates
miR-10b expression, have also been shown to increase the
transcription of miRNAs (22). Second, IncRNAs can also affect
mRNAs; for example, LINC00963 can transactivate Epidermal
growth factor receptor (EGFR) (23). In addition, IncRNAs can
interact with proteins that are involved in the PAM pathway;
for example, the IncRNA SNHG interacts with EZH2 (19), the
IncRNA PCATI competes with PHLPP for binding to FKPB51 (31),
and the IncRNA NEATI binds to SRC3 at the promoter of
IGFIR (25).

2.2 MiRNAs

MiRNAs can be fully or incompletely complementary to
mRNAs, and their interaction with mRNA targets can lead to
the failure or attenuation of mRNA translation. The target
mRNAs of most of the miRNAs that regulate the PAM signaling
pathway in PCa cells have been identified, and the most frequently
targeted mRNA is Phosphatase and tensin homolog(PTEN) (14,
17, 49, 53-55). The miRNAs that regulate the PAM signaling
pathway in PCa cells can be classified as oncogenes and
antioncogenes according to their functions, and most of them
are antioncogenes. Other genes, such as miR-185-5p, miR-92a,
miR-4534, miR-21, miR-22, miR-26a, miR-543, miR-10b, and miR-
182, are oncogenes, and the first six of these molecules can target
PTEN (14, 16, 22, 49-51, 53-55). Five miRNAs were also found to
be regulated by the PAM signaling pathway, which will be
described in 2.3 later.
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2.3 CircRNAs

The main function of circRNAs, which are ring-shaped ncRNAs, is
to interact with ncRNAs or proteins to participate in regulating
transcription and posttranscription processes, and a few circRNAs
have recently been shown to serve as templates for translation (68).
Current studies have shown that in PCa cells, circRNAs regulate the
PAM signaling pathway mainly by acting as miRNA sponges; for
example, cir-ITCH and miR-17 inhibit each other to negatively regulate
the PAM pathway (66). Moreover, circMBOAT2 and circSMARCCI
positively regulate the PAM signaling pathway via miR-1271-5p and
miR-1322, respectively (64, 65). circRNAs are mainly stable in the
cytoplasm in the form of covalent monocycles and are expressed in
tissue- and cell-specific patterns; thus, they can be used as diagnostic
markers (68). For example, circMBOAT2 and circSSMARCCI are
highly expressed in PCa cells, and higher plasma levels of
CircSMARCCI have been detected in PCa patients than in
noncancer patients (64, 65). In addition, circRNAs are involved in
the regulation of the immune microenvironment; circSMARCCI
increases the number of M2 macrophages in PCa tissues by
recruiting M2 macrophages via the CCL20-CCR6 axis and
promoting M2 macrophage polarization (64). M1/M2 macrophages
can be viewed as a scale in tumors, with M1 macrophages playing an
antitumor role. M2 macrophages promote tumor development by
regulating angiogenesis and lymphangiogenesis, immunosuppression,
hypoxia induction, and cancer cell proliferation and metastasis (69).
Therefore, circRNA imbalance is one of the etiological factors of PCa at
the molecular level, and because of the specific expression and stable
presence of circRNAs, it will be possible to identify circRNAs that can
be used as high-quality diagnostic markers.

2.4 PiRNAs

piRNAs are a class of small noncoding RNAs that are 24-31
nucleotides in length. piRNAs form PIWT complexes with piwi proteins
that are involved in transcriptional and posttranscriptional regulation
(70). PCDH9 can competitively inhibit the formation of PI3K by
binding to P85c;, which is a regulatory subunit of PI3K, thereby
affecting the phosphorylation of PIPs (67). In PCa cells, piR-001773
and piR-017184 can bind to PIWIL4 to form a PIWI/piRNA complex
and silence the expression of PCDHY, thereby activating the PAM
signaling pathway to promote PCa development (67). In addition,
PiR-001773 and piR-017184 were found to be correlated with the T
stage and Gleason score of PCa patients, and high expression of piR-
001773 and piR-017184 suggest a poor prognosis (67).

3 Functions of ncRNAs in the PAM
signaling pathway in PCa cells

3.1 Metastasis

Metastatic PCa strongly affects the prognosis of PCa patients
and is the leading cause of death in advanced PCa patients.
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TABLE 1 Type and role of ncRNAs associated with the PAM signaling pathway in PCa progression.

10.3389/fimmu

.2025.1525741

Effect on the  Function Signaling
PAM pathway network
LncRNA LINC01088 Activate Promote cell viability, migration, and invasion miR-22/CDC6 (11)
RHPN1-AS1 Activate Promote cell proliferation and invasion miR-7-5p/EGFR (12)
Inhibit apoptosis and autophagy
DANCR Activate Promote cell proliferation, G1-S transformation, EMT, migration, miR-185-5p/LASP1 (13)
and invasion
MBNLI1-AS1 Inhibit Inhibit cell proliferation, migration, and invasion miR-181a-5p/PTEN (14)
ZEBI-AS1 Activate Promote cell viability, migration, and invasion miR-342-3p/CUL4B (15)
HCG11 Inhibit Inhibit cell viability, migration, invasion, EMT, and tumor growth in miR-543 (16)
nude mice
Promote apoptosis
GAS5 — Inhibit cell viability and proliferation miR-21/PDCD4, (17)
Promote cell autophagy PTEN miR-
1284/AKT
SNHG3 Activate Promote cell proliferation, migration, invasion, EMT, and tumor growth miR-1827 (18)
in nude mice
SNHG1 Activate Promote cell viability, proliferation, migration, invasion, and tumor miR-377-3p/AKT2, (19, 20)
growth in nude mice EZH2
Inhibit apoptosis and autophagy
CASC11 Activate Promote cell proliferation, migration, and invasion miR-145/IGF1R (21)
CHRF Activate Promote cell proliferation and EMT miR-10b (22)
Inhibit apoptosis
LINC00963 Activate Promote cell viability, migration, and invasion EGFR (23)
Inhibit apoptosis
PCAT1 Activate Promote cell viability, proliferation, and tumor growth in nude mice FKPB51- (24)
Inhibit apoptosis IKKo-PHLPP
NEAT1 Activate Promote cell viability SRC3/IGFIR (25)
MALATI1 Activate Promote cell viability, proliferation, migration, invasion, EMT, and — (26, 27)
tumor growth in nude mice
Inhibit apoptosis
LINC00460 Activate Promote cell proliferation, and cell cycle progression — (28)
Inhibit apoptosis
SNHG25 Activate Promote cell proliferation, migration, invasion, and tumor growth in — (29)
nude mice
Inhibit apoptosis
IncRNA-ATB Activate Promote cell proliferation and EMT — (30)
PIncRNA-1 Activate Promote cell proliferation, migration, invasion, and cell cycle PTEN (31)
Inhibit apoptosis
LINC01296 Activate Promote cell proliferation, migration, invasion, and EMT — (32)
AC245100.4 Activate Promote cell proliferation PAR2 (33)
MIR4435-2HG Activate Promote cell proliferation, migration, invasion, and tumor growth in ST8SIA1/FAK (34)
nude mice
UCAL Activate Promote cell proliferation and cell cycle — (35)
SPRY4-IT1 Activate Promotes cell proliferation and cell cycle — (36)
Increase cellular resistance to hypoxia
GDPD4-2 Inhibit Inhibit tumor growth in nude mice — (37)
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2025.1525741

Effect on the Function Signaling
PAM pathway network
miRNA miR-139-5p Inhibit Inhibit cell viability and EMT ZNF217 (38)
miR-151 Inhibit Inhibit cell viability, migration, and invasion — (39)
Promote apoptosis
miR-101-3p Inhibit Inhibit cell viability, migration, and invasion CUL4B (40)
Promote apoptosis
miR-129 Inhibit Inhibit cell viability, proliferation, EMT, migration, invasion, and tumor ETS1 (41)
growth in nude mice
Promote apoptosis
miR-101 Inhibit Inhibit cell viability RLIP76 (42)
Promote apoptosis
miR-4638-5p Inhibit Inhibit cell proliferation, tumor angiogenesis, and tumor growth in Kidins220 (43)
nude mice
Promote apoptosis
miR-133a-3p Inhibit Inhibit tumor stemness EGEFR, FGFR1, (44)
Attenuate resistance to anoikis IGFIR, MET
miR -7 Inhibit Inhibit tumor stemness, cell proliferation, tumor growth in nude mice, KLF4 (45)
and cell cycle progression
miR-218 Inhibit Inhibit tumor angiogenesis, tumor growth in nude mice, cell viability, RICTOR, (46-48)
proliferation, migration, invasion, EMT, and cell cycle progression GAB2, LGR4
miR-4534 Activate Promote cell proliferation, migration, invasion, cell cycle, and tumor PTEN (49)
growth in nude mice Inhibit apoptosis
miR-21 Activate Inhibit apoptosis in chemoresistant cells PTEN (50)
miR-182 Activate Promote cell proliferation, tumor growth in nude mice ST6GALNAC5 (51)
miR -149 Inhibit Inhibit cell proliferation, migration, invasion, EMT, and cell cycle AKT1 (52)
Promote apoptosis
miR-125b Inhibit Inhibit cell migration and invasion ErbB2/3 (53)
miR-22 Activate Promote cell proliferation, migration, and invasion PTEN (53)
miR-19b — Promotes cell proliferation and cell cycle PTEN (54)
miR-23b — Promotes cell proliferation and cell cycle PTEN (54)
miR-26a — Promotes cell proliferation and cell cycle PTEN (54)
miR-92a — Promote cell proliferation, migration, invasion, and cell cycle PTEN (54, 55)
Inhibit apoptosis
miR-151a-3p Inhibit Inhibit cell proliferation and migration NEK2 (56)
miR-188-5p Inhibit Inhibit cell proliferation, migration, invasion, tumor growth and LAPTM4B (57)
metastasis in nude mice
miR-605 Inhibit Inhibit cell proliferation and cell cycle EN2/PTEN (58)
miR-137 — Inhibit H3K4 methylation KDM5B (59)
miR-106a-5p — Promote cell migration and invasion TIMP2 (60)
miR-106b — Promote cell growth (in the presence of prolactin) P21 (61)
miR-27a — Inhibit cell proliferation, cell cycle, and migration MAP2K4 (62)
Promote apoptosis
miR-135a — Inhibit cell proliferation, cell cycle, and migration RBAK, MMP11 (63)
Promote apoptosis
(Continued)
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TABLE 1 Continued

10.3389/fimmu.2025.1525741

Effect on the Function Signaling
PAM pathway network
circRNA CircSMARCC1 Activate Promote cell proliferation, migration, invasion, tumor growth and miR-1322/CCL20 (64)
metastasis in nude mice
circMBOAT?2 Activate Promote cell proliferation, migration, invasion, tumor growth and miR- 1271- (65)
metastasis in nude mice 5p/mTOR
circ-ITCH Inhibit Inhibit cell proliferation, migration, and invasion miR-17 (66)
piRNA piR-001773 Activate Promote cell proliferation, migration, invasion, and tumor growth in PCDH9 (67)
nude mice
piR-017184 Activate Promotes cell proliferation, migration, invasion, and tumor growth in PCDH9 (67)
nude mice

Cancer cell metastasis occurs through a certain process; this process
starts with cancer cell acquisition of a migratory and invasive
phenotype through EMT, after which the cancer cell passes
through the extracellular matrix (ECM) and stromal cells to
dislodge them from their primary foci (71). Upon loss of
epithelial cell contact with the ECM, cancer cells undergo a form
of cysteine-dependent apoptosis that is induced by death receptors
and mitochondria that is known as anoikis (72). However, the
resistance of cancer cells to anoikis leads to the progression of
tumor metastasis (73). Therefore, EMT, anoikis, and migration and
invasion assays are commonly used in experiments to assess the
metastatic ability of tumors.

3.1.1 Inhibition of metastasis
ncRNAs associated with the PAM signaling pathway inhibit
PCa metastasis (Figure 1). The skeletal system is the most common

site of the distant metastasis of PCa. miR-133a-3p was shown to be
expressed at lower levels in PCa bone metastatic tissues than in
nonmetastatic cancer tissues, and its expression is negatively
correlated with bone metastasis-free survival in PCa patients (44).
Further studies revealed that overexpression of miR-133a-3p
attenuates anoikis resistance and thus inhibits PCa bone
metastasis, which may be mediated by miR-133a-3p targeting
EGFR, FGFRI1, IGFIR and MET to regulate the PAM signaling
pathway (44). These findings suggest that miR-133a-3p may be a
potential target for the treatment of PCa bone metastases. PTEN,
which is a classic inhibitor of the PAM signaling pathway, is lacking
in up to 60% of PCa tumors (74). The MBNLI-ASI inhibits the
invasion and migration of PCa cells through the miR-181a-5p/
PTEN axis [18]. Cullin 4B (CUL4B) is a scaffold for the Cullin4B-
Ring E3 ligase complex (CRL4B), which is involved in protein
hydrolysis (75). CUL4B is highly expressed in PCa patients, and

a0 MBNLI-AS1 || (CmiR-101-3p )

miR-188-5p

(Tapnas )
[(mir-125b ] (LGRr4)
(Emp25]

(invasimn and migration )

FIGURE 1

ncRNAs inhibit PCa metastasis through the PAM signaling pathway. This figure illustrates that ncRNAs associated with the PAM signaling pathway
inhibit PCa metastasis by regulating invasion, migration, anoikis, and EMT. Blue represents the role of suppressing the PAM signaling pathway. Red
represents roles that facilitate the PAM signaling pathway. Cyan color represents an association with invasion and migration, purple color represents
an association with EMT, and light red color represents an association with anoikis.
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miR-101-3p can target CUL4B to inhibit its expression and thus
inhibit PCa migration and invasion; this is mediated by inhibiting
the PAM signaling pathway (40). Yongguang Jiang reported that
miRNA-149 directly inhibits AKT1 mRNA expression in CRPC,
thus inhibiting tumor EMT, migration, and metastasis; however,
this process does not involve PI3K (52).

The expression level of miR-218 in metastatic PCa tissues is
much lower than that in primary PCa tissues (46), and miR-218 can
inhibit the EMT, migration, and metastasis of cancer cells via
GAB2/PI3K/AKT/GSK-3 (47). Recent studies have shown that
PCa is associated with chronic inflammation (76), and leucine-rich
repeat-containing G protein-coupled receptor (LGR) 4 is a key
molecule in the progression of PCa whose expression is induced by
the proinflammatory factor IL-6 [69]. miR-218 inhibits the
migration and metastasis of IL-6-treated PCa cells by directly
targeting LGR4 to inhibit the PAM pathway (48). ETS1, which is
an independent prognostic molecule in breast cancer (77), is a
proto-oncogene that is expressed mainly in triple-negative breast
cancers (78). Higher expression of ETS1 was observed in PC cells
than in noncancerous cells, especially in desmoplasia-resistant
prostate cancer cells (41). miR-129 can directly target ETS1 and
thus negatively regulate the PAM signaling pathway, thereby
inhibiting the EMT, migration, and invasion of PCa cells (41).

In addition, other ncRNAs that are associated with the PAM
signaling pathway, such as HCG11/miR-543 (16), miR-125b (53),
miR-151a-3p (56), miR-188-5p (57), miR-151 (39), and miR-139-5p
(38), inhibit the migration and metastasis of PCa cells through
different pathways. cir-ITCH was found to negatively regulate the
PAM signaling pathway and thus inhibit the EMT, migration, and

10.3389/fimmu.2025.1525741

invasion of PCa cells, possibly through miR-17 (66). In addition,
some miRNAs are negatively regulated by the PAM signaling
pathway, such as miR-27a and miR-135a, which inhibit migration
and invasion of PCa cells through MAP2K4 and MMP11,
respectively (62, 63).

3.1.2 Promotion of metastasis

It is also very common for ncRNAs to positively regulate the
PAM signaling pathway and thus promote PCa metastasis(Figure 2).
For example, the DANCR can activate the PAM signaling pathway
through the miR-185-5p/LASP1 axis to promote the EMT, migration,
and invasion of PCa cells (13). The expression of the DANCR and
LASP1 was also found to be positively correlated with PCa metastasis,
whereas the expression of miR-185-5p was negatively correlated with
PCa metastasis (13). These findings suggest that the IncRNA
DANCR/miR-185-5p/LASP1 axis plays an important role in the
process of PCa metastasis. Dysregulation of EGFR promotes the
progression of PCa to bone metastasis (79), and both LINC00963 and
the IncRNA RHPNI-AS can contribute to the overexpression of the
EGFR gene and increase the migration and invasion of PCa cells;
these effects may be mediated via the PAM pathway (12, 23). These
findings suggest that drugs that target EGFR potentially inhibit PCa
metastasis. PTEN is a tumor suppressor molecule that acts on PIPs.
miR-22, miR-4534, miR-92a, and PIncRNA-1 can reduce PTEN
expression, thereby promoting the migration and invasion of PCa
cells (31,49, 53, 55). CircRNAs are stably expressed because they exist
in a cydlic form. CircSMARCCI- and CircMBOAT2-overexpressing
PC3 cells were injected into the tail vein of nude mice, and more
pulmonary and/or abdominal metastases were detected in the nude

miR-342-3p
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miR-1322
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FIGURE 2
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=
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ncRNAs promote PCa metastasis through the PAM signaling pathway. This figure illustrates that ncRNAs associated with the PAM signaling pathway
promote PCa metastasis through regulating invasion, migration, and EMT. Blue represents the role of suppressing the PAM signaling pathway. Red
represents roles that facilitate the PAM signaling pathway. Cyan color represents association with invasion and migration and purple color represents

association with EMT.
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mice than in the control group (64, 65). Second, in vitro experiments
have demonstrated that circSMARCCI promotes the EMT,
migration, and invasion of PCa cells through miR-22/CCL20 and
that circMBOAT?2 promotes the migration and invasion of PCa cells
through miR-1271-5p/mTOR (64, 65). These effects may be mediated
via the PAM signaling pathway (64, 65). pPCDH9, which is a member
of the calcineurin superfamily, inhibits the metastasis of
hepatocellular carcinoma, gastric carcinoma, and malignant
melanoma (80-82). In PCa cells, piR-001773 and piR-01718 inhibit
PCDHY and abolish the inhibitory effect of PCDH9 on the PAM
signaling pathway, thus promoting the migration and metastasis of
PCa cells (67).

Obesity is strongly associated with PCa, with an 8-11% increase
in specific mortality in advanced PCa patients who are obese
compared with nonobese advanced PCa patients, and the presence
of obesity also decreases the efficacy of surgical treatments,
radiotherapy and ADT in the treatment of PCa (83). Mediators
between obesity and PCa may include insulin and the IGF-axis, sex
hormone concentrations, and adipokine signaling (83). PC3 cells
with low expression of Apelin, which is an adipokine, were implanted
into the prostates of nude mice, and Apelin promoted the liver
metastasis and bone metastasis of PC3 cells by increasing the level of
TIMP2 (60). Further studies revealed that Apelin increases the level
of miR-106a-5p through the C-Src/PI3K/AKT axis and that miR-
106a-5p sponges TIMP2, thereby promoting the migration and
invasion of PCa cells (60). IGFIR is a membrane receptor of IGF,
and more than 90% of the regions in PCa tissue sections are positive
for IGFIR (84). The IncRNA CASCII can upregulate the PAM
signaling pathway through IGFI1R, thereby promoting the
migration and invasion of PCa cells (21). These findings suggest
that drugs that target IGFIR potentially inhibit PCa metastasis.
Therefore, with further in-depth studies of obesity and PCa, obesity
has been shown to promote PCa metastasis, and weight loss is likely
beneficial for the treatment of PCa.

MALATI mediates the development and metastasis of digestive
system and sex hormone-related tumors, and MALATI levels in
plasma and urine could be a marker for the diagnosis and
prediction of PCa metastasis and recurrence (85). MALATI can
promote the EMT, migration, and metastasis of PCa cells by
activating the PAM signaling pathway (26, 27), and METTL3 acts
as a methyltransferase to methylate MALATI adenosine and thus
stabilize its expression (26).

In addition to these novel ncRNAs, LINC01088/miR-22 (11),
ZEBI-ASI/miR-342-3p (15), SNHG3/miR-1827 (18), SNHGI (19),
SNHG25 (29), LINC01296 (32), and MIR4435-2HG (34) can
promote the migration, invasion or/and EMT of PCa cells via the
PAM signaling pathway. Also worth mentioning is miR-106a-5p,
which is positively regulated by the PAM signaling pathway and
promotes PCa migration and invasion (60).

3.2 Tumor growth

Tumor growth represents a dysregulation of the balance
between cancer cell generation and cell loss; cancer cell
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generation occurs mainly through cell division, and cancer cell
loss occurs mainly through apoptosis and autophagy. In PCa cells,
ncRNAs can regulate tumor growth through the PAM signaling
pathway, and the elucidation of these mechanisms can provide
guidance for the clinical treatment of PCa.

3.2.1 Promotion of tumor growth

NcRNAs associated with the PAM signaling pathway promote
PCa growth (Figure 3). These ncRNAs can promote cancer cell
growth via the PTEN-dependent induction of cell cycle progression
through cell cycle checkpoints (86). For example, in PCa cells, miR-
4534 promotes the passage of cancer cells through the GO/G1 phase
(49); PIncRNA-1 promotes the passage of cancer cells through the
G2/M phase (31); and miR-19b, miR-23b, miR-26a, and miR-92a
promote the passage of cancer cells through the G1/S phase via the
cell cycle protein D1 (54). In addition, ncRNAs, such as miR-4534,
PlncRNA-1, miR-92a, and miR-21, can inhibit apoptosis to promote
PCa growth via PTEN (31, 49, 50, 55). Interestingly, miR-21 inhibits
apoptosis in chemotherapy-resistant PCa cells, which may be
mediated by miR-21 inhibition of cancer cell exocytosis of toxic
drugs taken up via PTEN (50). The hypoxic environment of PCa
can induce tumor progression and metastasis (87). PCa cells express
high levels of SPRY4-IT1 in hypoxic environments, and SPRY4-IT1
may promote the growth of cancer cells by regulating the PAM
pathway and cell cycle progression (36). High expression of UCAI
was observed in radiotherapy-resistant PCa, in contrast to the
radiotherapy-sensitive PCa (35). UCAI may promote the passage
of cancer cells through the G0/G1 phase via the PAM pathway [90].
Moreover, EGFR expression is higher in CRPC than in ADPC (23).
Linc00963 was found to transactivate EGFR and mediate the
apoptosis of CRPC cells (23). In addition, in PCa, RHPNI1-ASI/
miR-7-5P/EGFR could promote cancer cell growth through the
PAM signaling pathway (12). This may be mediated by the PAM
axis, which promotes apoptosis and autophagy and induces cancer
cells to pass the G2/M checkpoint (12).

3.2.2 Inhibition of tumor growth

ncRNAs inhibit PCa growth through the PAM signaling
pathway (Figure 4). PCa is an androgen-dependent tumor, and
miR-149 can inhibit AR signaling (52). In addition, miR-149 can
target AKT1 to inhibit the proliferation of CRPC cells, which may
be mediated by promoting apoptosis and inducing G1/S phase
arrest in cancer cells (52). miR-7 can inhibit the proliferation of PCa
cells, possibly because miR-7 can increase the nuclear localization of
P21 through the KLF4/PI3K/AKT axis, which in turn prolongs the
cell cycle [91]. Interestingly, miR-7 increases P-P21 expression but
does not seem to interfere with apoptosis (45).

IL-6 stimulation increases PCa viability and invasiveness,
suggesting that PCa is closely associated with inflammation (88).
miR-218 inhibits cell cycle progression through LRG4, and
this inhibition is suppressed in the presence of IL-6 (48).
Therefore, anti-inflammatory therapy can be used as an
adjuvant treatment for PCa. RLIP76 depletion therapy can
cause the nearly complete regression of PCa cell xenografts
and can improve sensitivity to radiotherapy (89). miR-10I can
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FIGURE 3

ncRNAs promote PCa growth through the PAM signaling pathway. This figure illustrates that ncRNAs associated with the PAM signaling pathway
promote PCa growth through regulating apoptosis, autophagy, and cell cycle. Blue represents the role of suppressing the PAM signaling pathway.
Red represents roles that facilitate the PAM signaling pathway. Cyan color represents an association with autophagy, purple color represents an
association with apoptosis, and light red color represents an association with the cell cycle.

target and inhibit RLIP76, thereby promoting the apoptosis  arrest the cell cycle in the G0/G1 phase by the EN2/PTEN axis
of PCa cells. miR-101-based depletion therapy targeting  (58).In addition, some miRNAs, such as miR-27a and miR-135a,
RLIP76 is promising for the treatment of PCa (42). are negatively regulated by the PAM signaling pathway. These
miRNA-605 was found to differentiate between inert and miRNAs arrest PCa cells in the G1/S phase and promote
aggressive PCa, and further studies found that miRNA-605 can  apoptosis through MAP2K4 and RBAK, respectively (62, 63).

1
=n -
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FIGURE 4
ncRNAs inhibit PCa growth through the PAM signaling pathway. This figure illustrates that ncRNAs associated with the PAM signaling pathway inhibit
PCa growth by regulating apoptosis and cell cycle. Blue represents the role of suppressing the PAM signaling pathway. Red represents roles that

facilitate the PAM signaling pathway. purple color represents an association with apoptosis and light red color represents an association with the
cell cycle.
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3.3 Angiogenesis

Rapid tumor proliferation is inevitably accompanied by
neoangiogenesis because without blood vessels to provide
nutrients for tumor cells, the tumor size cannot exceed 1-2 mm
(90). NcRNAs regulate PCa angiogenesis through the PAM
signaling pathway (Figure 5). The interaction of VEGF with
VEGFR on the surface of vascular endothelial cells (ECs) is
crucial for the proliferation, migration, and tube formation of ECs
(91). miR-4638-5p can inhibit the secretion of VEGF by PCa cells,
thereby inhibiting neovascularization (43). miR-4638-5p may
inhibit the PAM signaling pathway by targeting the inhibition
of Kidins220, thereby reducing the production of VEGF (43). In
addition, miR-218 can inhibit VEGFA secretion by PCa cells,
thereby inhibiting neovascularization (46). The effect of miR-218
on VEGFA is mediated by the RICTOR/AKT/HIF1&20o. axis (46).
To date, we have elucidated the mechanism by which miRNAs
regulate angiogenesis in PCa cells through the PAM
signaling pathway.

3.4 Tumor stemness

The presence of cancer stem cells (CSCs) in tumors is an
important cause of tumor treatment failure and tumor recurrence,
and tumors are considered to be cured only when CSCs are
completely eliminated (92). miRNAs mediate the biological
regulation of CSCs through the PAM signaling pathway

10.3389/fimmu.2025.1525741

(Figure 6) (92). miR-133a-3p can inhibit PCa stemness through
the PAM signaling pathway. This may be mediated by miR-133a-3p,
which targets and inhibits EGFR, FGFR1, IGFIR, and MET (44).
miR-133a-3p was also shown to inhibit the expression of some
stemness-related factors, such as NANOG, BMI-1, OCT4, and
SOX2 (44). In addition, microRNA-7 can inhibit PCa stemness by
targeting and inhibiting the stemness factor KLF4, possibly because
the stemness factor KLF4 activates the transcription of P1103 (the
catalytic subunit of PI3K) (45). MicroRNA-7 inhibits PCa stemness
through KLF4 in several generations of cells and prevents the
transition from nonstem cells to stem cells (45). Thus, miR-133a-
3p and microRNA-7 are promising targets for PCa treatments that
target tumor stemness.

4 Clinical roles of ncRNAs in the
PAM pathway

The ncRNAs associated with the PAM signaling pathway in
PCa are of clinical significance (Table 2).

4.1 Diagnosis

The diagnosis of PCa is the basis of treatment, and ncRNAs that
are involved in the PAM pathway were found to help confirm the
diagnosis of PCa by ROC curve analysis. For example, an analysis of
52 paired samples revealed an AUC of 0.915 for SNHG25 (29), an

miR-4638-5p

miR-218

1

FIGURE 5

L
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ncRNAs regulate PCa angiogenesis through the PAM signaling pathway. The blue color represents the inhibition of angiogenesis in PCa. The red

color represents the promotion of angiogenesis in PCa.
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FIGURE 6
ncRNAs regulate PCa tumor stemness through the PAM signaling pathway. The blue color represents the inhibition of PCa tumor stemness. The red
color represents the promotion of PCa tumor stemness.

TABLE 2 Clinical applications of ncRNAs associated with the PAM signaling pathway in PCa.

Exi?‘rgsg;on Diagnosis Prognosis Clinical significance
LINC01088 1 Profitable Disease-free survival — (67)
RHPNI-AS1 1 Profitable — — (78)
DANCR 1 Profitable Overall 5-year survival Pathological grade and tumor metastasis (34)
MBNL1-AS1 l Profitable — — (31)
ZEB1-AS1 T Profitable - — (77)
HCGI11 1 Profitable — Tumor metastasis (90)
GAS5 3::}? c;;’][;(si — Overall survival Gleason score and tumor stage (93)
SNHG3 1 Profitable Overall survival — (65)
LncRNA SNHG1 1 Profitable Overall survival T stage (12, 24)
CASC11 1 Profitable — Gleason score (26)
CHRF — — — — (52)
LINC00963 CRPC1vs. ADPC Profitable — — (58)
PCATI CRPCtvs. ADPC Profitable re::eﬂlc?fiivixi " — (84)
NEAT1 1 Profitable — Tumor metastasis and PSA recurrence (94)
MALAT1 1 Profitable Tumor recurrence rate Gleason Scorgigsg:ti]i;‘;i; transfer and (41, 76)
LINC00460 1 Profitable — T stage and Gleason score (17)
(Continued)
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TABLE 2 Continued

Expression : . . o o
P Diagnosis Prognosis Clinical significance
in PCa
Profitabl
SNHG25 1 (Al;(()lzgs fS) Disease-free survival — (47)
Histologic grade, preoperative PSA level,
IncRNA-ATB N Profitable Biochemical refzurrence— pathologic stage', Gleason score, lynTph (95)
(AUC=0.931) free survival node metastasis, vascular lymphatic
infiltration, and biochemical recurrence
PIncRNA-1 1 Profitable — T stage (96)
LINC01296 i Profitable Biochemical re-currence— Preol.?erative PSA level, lymph node ©7)
free survival metastasis, Gleason score, and tumor stage

AC245100.4 1 Profitable — — (98)
MIR4435-2HG 1 Profitable — — (99)

Radiotherapy-

i 11 .
UCA1 resmta'nt cells 1 vs Profitable — Radiotherapy sensitivity (54)

radiotherapy-

sensitive cells
SPRY4-1T1 T Profitable — Gleason score (83)
GDPD4-2 1 Profitable — Astragaloside IV-PESV therapy (100)
miR-139-5p — — - - (4)
miR-151 l Profitable — Chemosensitivity (28)

TNM 8 ize, Gl s
MiR-101-3 ! Profitable - NM stage, tumor s'lze Gleason score, and 1)
P
preoperative PSA level

miR-129 | Profitable — — (101)
miR-101 — — — — (102)
miR-4638-5p CRPC|vs. ADPC Profitable — — 91)
miR-133a-3p ! Profitable Bone metas.tasis- Gleason score, T stage, N stage, M stage, (87)
free survival and bone metastases
MicroRNA-7 1 Profitable — — (27)
miR-218 1 Profitable — Tumor metastasis (35, 68, 70)
. Profitable Overall survival, Gleason score, T stage, PSA recurrence,
miR-4534 1 . . (63)
(AUC=0.9) recurrence-free survival and genistein treatment

miRNA
Chemoresistant cells
miR-21 1 vs. Profitable — chemotherapy resistance (103)
chemosensitive cells

Distant metastasis, lymph node metastasis,
miR-182 1 Profitable — ! ymp ) (6)
and tumor size

MicroRNA-149 — — — — (104)
miR-125b 1 Profitable — — (11)
miR-22 1 Profitable — — (11)
miR-19b — — — — (45)
miR-23b — - - - “5)
miR-26a - - - - 9
miR-92a — — — — (45, 105)
miR-151a-3p 1 Profitable — — (101)
(Continued)
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TABLE 2 Continued

Expression

10.3389/fimmu.2025.1525741

in PCa Diagnosis Prognosis Clinical significance
Biochemical recurrence- Lymph node metastasis, T stage,
miR-188-5 free survival and preoperative PSA level, vascular lymphatic (106)
P overall survival infiltration, biochemical recurrence,
Vi urviv
and chemosensitivity
miR-605 1 Profitable — — (107)
miR-137 — — — — (64)
miR-106a-5p ) Profitable — — (74)
miR-106b — — — Prolactin therapy (13)
miR-27a | Profitable — — (89)
miR-135a ! Profitable Biochemical recurrence- Gleason score, T stage, “2)
free survival biochemical recurrence
Profitabl
CircSMARCC1 1 (A[j(():_t;t;;) — Gleason score, and T stage (108)
ircRNA
ere circMBOAT2 1 Profitable Disease-free survival Gleason score and T stage (21)
cir-ITCH l Profitable — — (71)
piR-001773 1 Profitable — Gleason score and T stage (109)
piRNA
piR-017184 1 Profitable — Gleason score (109)

1 represents elevated levels of ncRNA in cancerous tissues compared to non-cancerous tissues. | represents that ncRNA is reduced in cancerous tissues compared to non-cancerous tissues. |vs.
represents a lower content of the former than of the latter. 1vs. represents a higher content of the former than the latter.

analysis of 57 paired patients revealed an AUC of 0.931 for
LncRNA-ATB (30), and a study of 28 unpaired patients reported
an AUC of 0.9 for miR-4534 (49). We aimed to detect and diagnose
prostate cancer by noninvasive methods, and we detected elevated
circSMARCCI levels in the plasma of PCa patients compared with
those in the plasma of noncancerous patients (64). ROC curve
analysis revealed that the AUC of CircSMARCCI was 0.713, which
was not as good as that of PSA in identifying PCa (64). However,
the specificity of circSMARCCI was high enough to discriminate
between patients with PCa and those with BPH, and CircSMARCCI
levels were also found to be elevated only in colorectal cancer tissues
(97). ncRNAs that are associated with the PAM signaling pathway
can also predict various stages of PCa. For example, lower
expression of miR-185-5p, miR-218, and miR-133-3p and higher
expression of DANCR were observed in metastatic patients than in
nonmetastatic PCa patients (13, 44, 46). Interestingly, miR-185-5p
expression was more significantly decreased in patients with bone
metastatic PCa than in patients without bone metastatic PCa (44).
High expression of PCATI and NEATI suggests CRPC (24, 25),
high expression of miR-21 suggests chemoresistance (50), and high
expression of UCAI suggests radioresistance (35). Thus, ncRNAs
are expected to be novel markers for the diagnosis of PCa.

4.2 Prognosis

Prognostic information on PCa helps in the selection of optimal
treatment strategies (108), and the levels of ncRNAs that are related
to the PAM signaling pathway can indicate the prognosis of PCa
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patients. These ncRNAs are closely associated with overall survival,
progression-free survival, biochemical recurrence-free survival,
bone metastasis-free survival, and recurrence-free survival in PCa
patients. For example, the levels of IncRNA-ATB, LINC01296, and
miR-188-5p can be used as independent prognostic factors for the
biochemical recurrence-free survival of PCa patients (30, 32, 57).
The miR-133a-3p level can be used as an independent prognostic
factor for the bone metastasis-free survival of PCa patients (44).
Second, these ncRNAs are closely associated with pathological
features that affect prognosis; for example, plasma CircSMARCCI
levels are positively correlated with the Gleason score and T stage in
patients with PCa (64). In addition, single nucleotide
polymorphisms (SNPs) of ncRNAs have the potential to predict
the prognosis of PCa (17). For example, two SNPs on chromosome
GAS5 are correlated with overall survival, Gleason score, and TNM
stage in patients with PCa (17).

4.3 Treatment

The targeted regulation of ncRNAs can inhibit PCa growth,
metastasis, angiogenesis, and drug resistance via the PAM signaling
pathway; this provides a basis for developing PCa therapies that
target ncRNAs. For example, agomir-133a-3p inhibits bone
metastasis of PCa in mice (44), knockdown of UCAI reduces
radiotherapy resistance in PCa cells (35), and inhibition of miR-
21 increases the chemosensitivity of PCa cells (50). ncRNAs are
natural molecules in the body, and they can interfere in a given
pathway with broad specificity via multiple targets or target
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different pathways to inhibit tumors (99), leading to increased
benefits in ncRNA therapy. For example, miR-218 can target
LGR4 to reduce AKT levels in PCa cells, target RICTOR to
inhibit the phosphorylation of AKT at Ser473, and target GAB2
to disrupt the coexistence environment of PI3K and PIPs to inhibit
the PAM signaling pathway (46-48). In addition, miR-218 not only
inhibits the PAM pathway but also interferes with the Wnt/B-
catenin pathway in PCa cells (48). Drugs that specifically target
ncRNA therapeutics include antisense oligonucleotides(ASOs),
siRNAs, shRNAs, RNA sponges, antmiRs, therapeutic circRNAs,
miRNA mimics (Figure 7A), and the drugs that are currently being
developed are mainly miRNA-based siRNAs and antisense
oligonucleotides (99). However, therapies that target ncRNAs
have limitations associated with specificity, delivery, and tolerance
when translated into the clinic, resulting in the failure of the
development of these drugs (99). The use of novel drug delivery
strategies, such as the possible use of nanomaterials, liposomes,
cationic polymers, etc., for drug delivery, has shown promising
advantages in overcoming these difficulties (94). Nanocarrier-based
drug therapies for ASOs are currently the most hotly researched
option (Figure 7), and better structures have been achieved in
other diseases.

To date, there are only two ncRNA drugs in human trials
regarding PCa. Apatorsen (OGX-427) is a 2’-methoxyethyl-
modified ASO that inhibits Hsp27 expression. A Phase I clinical
trial including 42 (22 CRPC patients) showed that OGX-427 was
tolerated at the highest dose (101). Then a phase II trial showed that
OGX-427+prednisone did not improve the 12-week progression-
free period in CRPC patients compared to prednisone alone, but
only significantly reduced PSA in patients, so further clinical trials

10.3389/fimmu.2025.1525741

of OGX-427 are in limbo (95) There is another drug Custirsen
(OGX-011) that is an ASO targeting clusterin inhibition. A meta-
analysis including 3 RCTs pointed out that OGX-011 did not
significantly improve OS in mCRPC patients, so it has been
terminated from development in the clinic (102).

A cohort study including 1132 patients revealed that the use of
traditional Chinese medicine reduced PCa-related mortality (32.8%
vs. 21.9%) compared with the nonuse of traditional Chinese
medicine (105). Traditional Chinese medicine (TCM) has
multitarget properties, and TCM is involved in the entire process
of PCa treatment (100). Recently, traditional Chinese medicine has
been shown to modulate ncRNAs and thus treat PCa; for example,
quercetin can downregulate MALATI in a time- and dose-
dependent manner to inhibit the growth, migration, invasion, and
EMT of PCa cells. This may be mediated by targeting the PAM
signaling pathway via MALATI (27). Astragaloside IV-PESV can
upregulate GDPD4-2 to inhibit the PAM pathway and PCa growth
(37). However, silencing GDPD4-2 does not completely block the
antitumor effect of astragaloside IV-PESV, suggesting that
astragaloside IV-PESV may also act on other targets to inhibit
PCa growth (37). In addition, traditional Chinese medicine can be
used together with other antitumor drugs not only to exert
antitumor effects alone but also to produce synergistic effects and
improve the sensitivity of tumor cells to antitumor drugs (100, 106).
For example, the use of quercetin together with docetaxel can
significantly improve the antitumor effect of docetaxel on
chemotherapy-resistant PCa (106). Moreover, traditional Chinese
medicine makes it easier to achieve clinical translation than specific
drugs do; thus, traditional Chinese medicine has broad prospects in
the treatment of tumors.
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Therapeutic ncRNAs drugs
e L mnml{D T & R Intramuscular
miRNA sponges antimiRs ShRNAs ASOs Nanocarrier \\“c\
(] Subcutaneous
! Intravenou
Therapeutic circRNAs miRNA mimics siRNAs

Phagocytic Cell

L) EC

Blood Vessel

Degradation
| Translational suppression

FIGURE 7

ncRNAs for clinical therapy. (A) Therapeutic ncRNA drugs include ASOs, siRNAs, shRNAs, RNA sponges, antmiRs, therapeutic circRNAs, and miRNA
mimics. ASOs were the first ncRNA drugs to be developed. Nanomaterials are the most common carriers for ncRNA drugs. (B) The administration
routes of NcRNA drugs include oral, intramuscular, subcutaneous, and intravenous administration (C) Phagocytic cells destroy the efficacy of the
drug. (D) Drugs cross blood vessel walls through intercellular spaces or channels and endocytosis. (E) ASOs enter tumor cells to cause mRNA
degradation and translation suppression, thus achieving anti-tumor effects.
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5 Discussion

This paper summarizes the types, functions and specific
mechanisms of action of ncRNAs that are associated with the
PAM signaling pathway in PCa cells. Most of these ncRNAs act
at the transcription level. IncRNAs and circRNAs mostly function
as miRNA sponges, and miRNAs and piRNAs mostly function by
suppressing mRNA transcription. In addition, some ncRNAs,
mainly IncRNAs, act posttranscriptionally to regulate the PAM
pathway. The PAM signaling pathway is abnormally activated in
PCa cells and interacts with the RAS/MAPK, AR, and WNT
pathways (110). This paper explore the roles of ncRNAs in the
apoptosis, cellular autophagy, cell cycle progression, EMT, invasion,
migration, angiogenesis, and tumor stemness of PCa cells via the
PAM pathway. We analyzed the effects of these ncRNAs on PCa cell
apoptosis, autophagy and cell cycle regulation in PCa growth and
their effects on EMT, invasion and migration in PCa metastasis, and
we presented these functions in the form of Venn diagrams, which
can allow a more comprehensive understanding of the regulatory
effects of these ncRNAs on PCa growth and metastasis. We found
that some ncRNAs affect PCa growth and metastasis through dual
or triple mechanisms, which more clearly highlights the importance
of certain ncRNAs and may provide guidance for subsequent
studies. For example, miR-149 can inhibit the growth of PCa cells
by affecting apoptosis and cell cycle progression, and it can inhibit
PCa metastasis through EMT, migration, and invasion (52). If the
role of miR-149 is further explored, it can be found that miR-149
can inhibit AR signaling via the PAM pathway (52). In fact, cell
growth, metastasis, angiogenesis and tumor stemness are
intertwined with each other, and the roles of these ncRNAs in the
interactions of these processes can be further explored. In addition,
we explored how these ncRNAs affect PCa growth, metastasis,
angiogenesis and tumor stemness via the PAM pathway. We
found that the regulatory effect of these ncRNAs on PCa
angiogenesis depended on VEGF; that EGFR mediated the effects
of miR-7-5p, miR-133a-3p, and LINC0096 on PCa growth,
metastasis, and tumor stemness; and that PTEN mediated the
effects of miR-181a-5p, miR-4534, miR-22, miR-21, miR-26a, miR-
23b, miR-92a, and miR-19 on PCa growth and metastasis.

We also discussed the prospects for the clinical application of
these ncRNAs in diagnosis, prognosis, and treatment. In terms of
diagnosis and prognosis, most of the ncRNA content in cancer
tissues can be detected, and some of the ncRNA content shows
high sensitivity for diagnosing PCa and determining patient
prognosis. However, these ncRNAs are not easy to sample
and analyze, they cannot be included in a dynamic detection
index, and most ncRNAs do not have high specificity for
the diagnosis of PCa. It is hoped that more circSMARCCI-
like ncRNAs will be discovered and that diagnostic and
prognostic markers with high specificity will be available in the
bloodstream. Therapeutically, drugs that target these ncRNAs
are based mainly on ASO, siRNAs, shRNAs, RNA sponges,
antmiRs, therapeutic circRNAs, and miRNA mimics, and
these drugs have shown excellent therapeutic effects in animal
and cellular experiments. However, when these drugs are used
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in humans, their efficacy is greatly reduced. For example,
Custirsen is an antisense nucleotide drug that targets human
CLU mRNA and was developed to treat chemotherapy-resistant
mCRPC patients (98). However, in a phase III clinical trial that
included 635 patients, it was shown that there was no statistically
significant difference in overall survival in the Custirsen + chemotherapy
group compared to the chemotherapy control group (14.2 moon vs.
13.4 moon, p = 0.529) (98).

This loss of efficacy is mainly because the drug will face delivery
challenges. ncRNA drugs cannot be delivered efficiently to the cells
of interest due to their own instability and lack of cell specificity.
Secondly, crossing cell membranes is also a great challenge.
Scientists have proposed to solve the delivery problem by altering
the internal chemical modifications, such as 2’-deoxy-2’-fluoro-
RNA, 2’-O-methyl-RNA, the phosphorothioates, and bicyclic
nucleic acids, of ncRNA drugs to improve resistance to nucleases
and enhance interaction with proteins to improve stability and
uptake (109). Custirsen was dual-modified with alternating 2'-O-
methyl and the phosphorothioates, but phase III clinical trials
showed that the effect was not significant and was halted (98,
111). Apatorsen (OGX-427) is also an ASO doped with
phosphorothioates and 2’-methoxyethyl modification to prolong
half-life and improve specificity aimed at treating mCRPC patients
(101). However, phase II trials have shown that Apatorsen (OGX-
427) does not alter mCRPC disease progression, but only reduces
PSA concentrations in patients (95). These failures suggest the need
to improve the efficacy of the drug in other ways, so recently
scientists have thought of solving this problem through novel
delivery systems. For example, nanoparticles, which can be
synthesized from liposomes, polymers, micelles, proteins,
antibodies, gold nanoparticles, USPIO nanoparticles, and
nanotubes, in addition to enhancing the stability of RNA drugs,
due to their small size can also enhance the permeability and
retention (EPR effect) of tumor tissue to increase the
concentration of the drug inside the tumor tissue (112). The miR-
145 therapy based on gold nanoparticle-based nanocarrier and
miR-34a therapy based on micelle-based nanocarrier have
achieved good therapeutic efficacy in cellular and animal tests
(103, 107). Based on nanoparticles, some scientists combine
Ultrasound-induced microbubble cavitation technology to
increase the permeability of cell membranes and the capillary gap,
which further facilitates the entry of drugs into cancer cells (93).
However, these have yet to be proven in human trials and the safety
of nanoparticles needs to be explored further. The side effects of
nanoparticles are also due to the EPR effect, which leads to the
aggregation of nanoparticles in vascular leakage tissues. The side
effects are caused by reactive oxygen species (ROS), DNA damage,
modification of protein structures and functions, and disruption of
membrane integrity mechanisms leading to damage in these tissues
(113). Viral-constituted delivery carriers have also been believed to
enhance the efficacy of RNA drugs by loading the target RNA into
the viral genome. Viral-constituted delivery carriers deliver RNA
drugs into tumor tissues through viral oncolytic properties and
stability. For example, the current delivery of miRNAs for PCa
therapy using herpes simplex virus-1 and recombinant adeno-
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associated virus has shown good results in animal studies (96, 114).
However, the exact efficacy has to be observed in humans and the
safety is worth considering. In addition to viral delivery and nano-
delivery systems, membrane vesicles, bacteria, and ligand-receptor
delivery systems are also explored in ncRNA therapy for PCa (99).

In the future, the internal modification of ncRNA itself to make
ncRNA more stable, the carrier delivery system to further stabilize
the ncRNA and increase the drug concentration in the tumor region,
and the ligand-receptor refinement to navigate the drug into the
target tumor cells will make ncRNAs as clinical drugs a reality.
While these enhance the efficacy of ncRNA drugs, the carrier system
itself can cause some toxic effects, which need to be addressed. In
addition, the human immune system recognizes single- or double-
stranded RNA inside and outside the cell through the PAMP
receptor, which reduces the drug’s efficacy and causes an
immune-inflammatory response (99). As PCa is a “cold tumor” in
immunotherapy, could the immune-inflammatory response by such
ncRNAs potentiate the immunotherapy of PCa? Nanocarriers have
been shown to enhance the antitumor efficacy and specificity of
immunopharmaceuticals through enhanced immunostimulatory
activity and favorable modulatory pharmacological properties
(104). Therefore, whether treatment with ncRNAs in combination
with vectors could make PCa a “hot tumor” in terms of
immunotherapy. Currently, the translation from cell and animal
trials to clinical trials is the biggest obstacle to ncRNA drug therapy,
which may be solved in the future by the combined delivery of
ncRNA drugs through multiple mechanisms.

Previously OGX-427 and OGX-011 were considered to be
promising for clinical use, but the therapeutic effect was not
shown to be significant in clinical trials. Therefore, attempts can
be made to develop other ncRNAs for the treatment of PCa. miR-
218 gene is located on chromosome 4p15.31, which is transcribed as
an intron into an ncRNA and is expressed in various malignant
tumors at lower levels than in the surrounding normal tissues (115).
It can be used as a tumor suppressor gene. Earlier Katia R M Leite
and other scholars have found that miR-218 is highly expressed in
metastatic PCa compared to high-grade PCa patients (116). In
recent years, many studies have shown that miR-218 may regulate
the PAM signaling pathway in PCa, and basically, it works by
binding to the 3’-UTR of the downstream genes’ mRNA and
blocking the mRNASs’ translation process. miR-218 can target
LGR4 to reduce the content of AKT, target RICTOR to inhibit
the phosphorylation of AKT ser-473 and target GAB2 to destroy the
coexistence environment of PI3K and PIPs to inhibit the PAM
signaling pathway (46-48). miR-218 can effectively inhibit the
viability, migration, and invasion of PCa cells and inhibit tumor
angiogenesis through multi-targeting inhibiting PAM signaling.
miR-218’s multi-targeting properties may improve its efficacy in
the clinical translational process, and have the opportunity to be
applied in the clinic. In addition, miR-133a-3p may play an
important role in the treatment of PCa bone metastasis (44). It
was shown that upregulation of miR-133a-3p inhibited PCa bone
metastasis and stem cell characteristics and that miR-133a-3p levels
were strongly associated with bone metastasis-free survival in PCa
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patients (44). Moreover, miR-133a-3p can target multiple receptors,
such as EGFR, FGFR1, IGF1R, and MET receptors, to inhibit tumor
cells (44). Therefore, the development of miR-133a-3p as a novel
drug for PCa patients with bone metastasis is promising, but the
specific effects are still waiting to be observed in clinical trials.

There is a lack of effective treatment for mCRPC. From the
current clinical data, the PAM signaling pathway inhibitor
(Ipatasertib) brings the best efficacy, which can prolong the
survival of patients by 2 months. However, there is still much
room for improvement (117). Based on the above, this review
summarizes the ncRNAs in the PAM signaling pathway of PCa
and tries to find AKT inhibitor breakthroughs from the function
and clinical use of these ncRNAs for better treatment of PCa. We
also discussed the prospect of clinical translation of ncRNAs in PCa,
but we found that only a few clinical studies show that ncRNA
drugs’ efficacy in PCa is still poor and that ncRNAs are unstable.
There is still a long way to go before they can be applied to the clinic;
In addition to the ncRNA strategy, there may be other pathways
implicit in the PAM signaling pathway to treat PCa, which is the
shortcoming of this review. Therefore, we wrote this review for the
next study on the use of ncRNA in PCa.

We can refer to ncRNA drug development strategies that have
been successfully used in the clinic in other diseases, and more data
are needed in the future to explore the next step of ncRNA therapies
for PCa. This review investigates ncRNAs under the PAM pathway
in PCa to provide a reference for the next step in the study of
ncRNAs for new drugs or new strategies.

Author contributions

RG: Writing - original draft. LS: Writing - review & editing.
YC: Writing - review & editing. CL: Writing — review & editing.
WY: Writing - review & editing.
Funding

The author(s) declare that financial support was received for the

research and/or publication of this article. This work was supported by
the Jiangxi Provincial Natural Science Foundation (20202BABL206079).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

frontiersin.org


https://doi.org/10.3389/fimmu.2025.1525741
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Guo et al.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated

References

1. Bray F, Laversanne M, Sung H, Ferlay ], Siegel RL, Soerjomataram I, et al. Global
cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36
cancers in 185 countries. CA Cancer J Clin. (2024) 74:229-63. doi: 10.3322/caac.21834

2. Teo MY, Rathkopf DE, Kantoff P. Treatment of advanced prostate cancer. Annu
Rev Med. (2019) 70:70479-499. doi: 10.1146/annurev-med-051517-011947

3. Glaviano A, Foo ASC, Lam HY, Yap KCH, Jacot W, Jones RH, et al. PI3K/AKT/
mTOR signaling transduction pathway and targeted therapies in cancer. Mol Cancer.
(2023) 22:22138. doi: 10.1186/512943-023-01827-6

4. HeY, Sun MM, Zhang GG, Yang J, Chen KS, Xu WW, et al. Targeting PI3K/akt
signal transduction for cancer therapy. Signal Transduction Targeting Ther. (2021)
6:425. doi: 10.1038/s41392-021-00828-5

5. Foster P, Yamaguchi K, Hsu PP, Qian F, Du X, Wu J, et al. The selective PI3K
inhibitor XL147 (SAR245408) inhibits tumor growth and survival and potentiates the
activity of chemotherapeutic agents in preclinical tumor models. Mol Cancer Ther.
(2015) 14:931-40. doi: 10.1158/1535-7163.MCT-14-0833

6. Slack FJ, Chinnaiyan AM. The role of non-coding RNAs in oncology. Cell. (2019)
179:1033-55. doi: 10.1016/j.cell.2019.10.017

7. Mitobe Y, Takayama K, Horie-Inoue K, Inoue S. Prostate cancer-associated
IncRNAs. Cancer Lett. (2018) 418:418159-166. doi: 10.1016/j.canlet.2018.01.012

8. Prensner JR, Zhao S, Erho N, Schipper M, Iyer MK, Dhanasekaran SM, et al.
Nomination and validation of the long noncoding RNA SChLAP1 as a risk factor for
metastatic prostate cancer progression: A multi-institutional high-throughput analysis.
Lancet Oncol. (2014) 15:1469-80. doi: 10.1016/S1470-2045(14)71113-1

9. Gong P, Zhang T, He D, Hsieh J-T. MicroRNA-145 modulates tumor sensitivity
to radiation in prostate cancer. Radiat Res. (2015) 184:630-8. doi: 10.1667/RR14185.1

10. Mirzaei S, Paskeh MDA, Okina E, Gholami MH, Hushmandi K, Hashemi M,
et al. Molecular landscape of IncRNAs in prostate cancer: A focus on pathways and
therapeutic targets for intervention. J Exp Clin Cancer Res CR. (2022) 41:41214.
doi: 10.1186/5s13046-022-02406-1

11. Li J, Huang X, Chen H, Gu C, Ni B, Zhou J. LINC01088/miR-22/CDC6 axis
regulates prostate cancer progression by activating the PI3K/AKT pathway. Mediators
Inflammation. (2023) 2023:20239207148. doi: 10.1155/2023/9207148

12. Ma X, Ren H, Zhang Y, Wang B, Ma H. LncRNA RHPN1-AS1 Inhibition
Induces Autophagy and Apoptosis in Prostate Cancer Cells via the miR-7-5p/EGFR/
PI3K/AKT/mTOR Signaling Pathway. Environ Toxicol. (2022) 37:3013-27.
doi: 10.1002/tox.23656

13. Sun W, Zu S, Shao G, Wang W, Gong F. Long Non-Coding DANCR Targets
miR-185-5p to Upregulate LIM and SH3 Protein 1 Promoting Prostate Cancer via the
FAK/PI3K/AKT/GSK3B/Snail Pathway. ] Gene Med. (2021) 23:e3344. doi: 10.1002/
jgm.3344

14. Ding X, Xu X, He X-F, Yuan Y, Chen C, Shen X-Y, et al. Muscleblind-like 1
antisense RNA 1 inhibits cell proliferation, invasion, and migration of prostate cancer
by sponging miR-181a-5p and regulating PTEN/PI3K/AKT/mTOR signaling.
Bioengineered. (2021) 12:803-14. doi: 10.1080/21655979.2021.1890383

15. Ma T, Chen H, Wang P, Yang N, Bao J. Downregulation of IncRNA ZEB1-AS1
Represses Cell Proliferation, Migration, and Invasion Through Mediating PI3K/AKT/
mTOR Signaling by miR-342-3p/CUL4B Axis in Prostate Cancer. Cancer Biother
Radiopharm. (2020) 35:661-72. doi: 10.1089/cbr.2019.3123

16. Wang Y-C, He W-Y, Dong C-H, Pei L, Ma Y-L. IncRNA HCG11 regulates cell
progression by targeting miR-543 and regulating AKT/mTOR pathway in prostate
cancer. Cell Biol Int. (2019) 43:1453-62. doi: 10.1002/cbin.11194

17. Zhu L, Zhu Q, Wen H, Huang X, Zheng G. Mutations in GAS5 affect the
transformation from benign prostate proliferation to aggressive prostate cancer by
affecting the transcription efficiency of GAS5. J Cell Physiol. (2019) 234:8928-40.
doi: 10.1002/jcp.27561

18. Hu M, Ren M, Zhao Z, Cui X, Shi M, Yang Y, et al. Long non-coding RNA
SNHG3 promotes prostate cancer progression by sponging microRNA-1827. Oncol
Lett. (2022) 24:281. doi: 10.3892/01.2022.13401

19. Chen J, Wang F, Xu H, Xu L, Chen D, Wang J, et al. Long non-coding RNA
SNHGI regulates the wnt/B-catenin and PI3K/AKT/mTOR signaling pathways via
EZH?2 to affect the proliferation, apoptosis, and autophagy of prostate cancer cell. Front
Oncol. (2020) 10:10552907. doi: 10.3389/fonc.2020.552907

20. Xie M, Zhang Z, Cui Y. Long noncoding RNA SNHGI1 contributes to the
promotion of prostate cancer cells through regulating miR-377-3p/AKT2 axis. Cancer
Biother Radiopharm. (2020) 35:109-19. doi: 10.1089/cbr.2019.3177

Frontiers in Immunology

17

10.3389/fimmu.2025.1525741

organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

21. Capik O, Sanli F, Kurt A, Ceylan O, Suer I, Kaya M, et al. CASC11 Promotes
Aggressiveness of Prostate Cancer Cells through miR-145/IGF1R Axis. Prostate Cancer
Prostatic Dis. (2021) 24:891-902. doi: 10.1038/s41391-021-00353-0

22. Liu S, Wang L, Li Y, Cui Y, Wang Y, Liu C. Long Non—Coding RNA CHRF
Promotes Proliferation and Mesenchymal Transition (EMT) in Prostate Cancer Cell
Line PC3 Requiring up-Regulating microRNA-10b. Biol Chem. (2019) 400:1035-45.
doi: 10.1515/hsz-2018-0380

23. Wang L, Han S, Jin G, Zhou X, Li M, Ying X, et al. Linc00963: A novel, long non-
coding RNA involved in the transition of prostate cancer from androgen-dependence
to androgen-independence. Int ] Oncol. (2014) 44:2041-9. doi: 10.3892/ij0.2014.2363

24. Shang Z, Yu ], Sun L, Tian J, Zhu S, Zhang B, et al. LncRNA PCAT1 activates
AKT and NF-kB signaling in castration-resistant prostate cancer by regulating the
PHLPP/FKBP51/IKKow Complex. Nucleic Acids Res. (2019) 47:4211-25. doi: 10.1093/
nar/gkz108

25. Xiong W, Huang C, Deng H, Jian C, Zen C, Ye K, et al. Oncogenic Non-Coding
RNA NEATI promotes the prostate cancer cell growth through the SRC3/IGF1IR/AKT
pathway. Int ] Biochem Cell Biol. (2018) 94:94125-132. doi: 10.1016/
j.biocel.2017.12.005

26. Mao Y, Li W, Weng Y, Hua B, Gu X, Lu C, et al. METTL3-Mediated m6A
Modification of IncRNA MALAT1 Facilitates Prostate Cancer Growth by Activation of
PI3K/AKT Signaling. Cell Transplant. (2022) 31:319636897221122997. doi: 10.1177/
09636897221122997

27. Lu X, Chen D, Yang F, Xing N. Quercetin Inhibits Epithelial-to-Mesenchymal
Transition (EMT) Process and Promotes Apoptosis in Prostate Cancer via
Downregulating IncRNA MALATI1. Cancer Manage Res. (2020) 12:121741-1750.
doi: 10.2147/CMAR.S241093

28. Dong Y, Quan H-Y. Downregulated LINC00460 inhibits cell proliferation and
promotes cell apoptosis in prostate cancer. Eur Rev Med Pharmacol Sci. (2019)
23:6070-8. doi: 10.26355/eurrev_201907_18420

29. Liu Z, Ke S, Wang Q, Gu X, Zhai G, Shao H, et al. Analyzing roles of small
nucleolar RNA host gene 25 from clinical, molecular target and tumor formation in
prostate cancer. Exp Cell Res. (2023) 429:113686. doi: 10.1016/j.yexcr.2023.113686

30. XuS, Yi X-M, Tang C-P, Ge J-P, Zhang Z-Y, Zhou W-Q. Long non-coding RNA
ATB promotes growth and epithelial-mesenchymal transition and predicts poor
prognosis in human prostate carcinoma. Oncol Rep. (2016) 36:10-22. doi: 10.3892/
0r.2016.4791

31. LncRNA PIncRNA-1 accelerates the progression of prostate cancer by regulating
PTEN/AKkt axis . Available online at (Accessed May 27, 2024).

32. Wu]J, Cheng G, Zhang C, Zheng Y, Xu H, Yang H, et al. Long noncoding RNA
LINCO01296 is associated with poor prognosis in prostate cancer and promotes cancer-
cell proliferation and metastasis. OncoTargets Ther. (2017) 10:101843-1852.
doi: 10.2147/0OTT.S129928

33. Zhang K, Liu C, Hu C, Lin P, Qi Q, Jia H, et al. Long non-coding RNA
AC245100.4 activates the PI3K/AKT pathway to promote PCa cell proliferation by
elevating PAR2. Heliyon. (2023) 9:¢16870. doi: 10.1016/j.heliyon.2023.e16870

34. Xing P, Wang Y, Zhang L, Ma C, Lu J. Knockdown of IncRNA MIR4435-2HG
and ST8SIAI expression inhibits the proliferation, invasion and migration of prostate
cancer cells in vitro and in vivo by blocking the activation of the FAK/AKT/B—catenin
signaling pathway. Int ] Mol Med. (2021) 47:93. doi: 10.3892/ijmm.2021.4926

35. Fotouhi Ghiam A, Taeb S, Huang X, Huang V, Ray ], Scarcello S, et al. Long non-
coding RNA urothelial carcinoma associated 1 (UCA1) mediates radiation response in
prostate cancer. Oncotarget. (2017) 8:4668-89. doi: 10.18632/oncotarget.13576

36. Sang W, Zhu R, Liu D, Gong M. LncRNA SPRY4-IT1 is upregulated and
promotes the proliferation of prostate cancer cells under hypoxia in vitro. Oncol Lett.
(2023) 25:138. doi: 10.3892/01.2023.13724

37. YouX, WuY, Li Q, Sheng W, Zhou Q, Fu W. Astragalus-scorpion drug pair inhibits
the development of prostate cancer by regulating GDPD4-2/PI3K/AKT/mTOR pathway and
autophagy. Front Pharmacol. (2022) 13:13895696. doi: 10.3389/fphar.2022.895696

38. Azhati B, Reheman A, Dilixiati D, Rexiati M. FTO-stabilized miR-139-5p targets
ZNF217 to suppress prostate cancer cell Malignancies by inactivating the PI3K/akt/
mTOR signal pathway. Arch Biochem Biophys. (2023) 741:741109604. doi: 10.1016/
j.abb.2023.109604

39. Chen S, Ke S, Cheng S, Wu T, Yang Y, Liao B. MicroRNA-151 regulates the
growth, chemosensitivity and metastasis of human prostate cancer cells by targeting
PI3K/AKT. ] BUON Of J Balk Union Oncol. (2020) 25:2045-50.

frontiersin.org


https://doi.org/10.3322/caac.21834
https://doi.org/10.1146/annurev-med-051517-011947
https://doi.org/10.1186/s12943-023-01827-6
https://doi.org/10.1038/s41392-021-00828-5
https://doi.org/10.1158/1535-7163.MCT-14-0833
https://doi.org/10.1016/j.cell.2019.10.017
https://doi.org/10.1016/j.canlet.2018.01.012
https://doi.org/10.1016/S1470-2045(14)71113-1
https://doi.org/10.1667/RR14185.1
https://doi.org/10.1186/s13046-022-02406-1
https://doi.org/10.1155/2023/9207148
https://doi.org/10.1002/tox.23656
https://doi.org/10.1002/jgm.3344
https://doi.org/10.1002/jgm.3344
https://doi.org/10.1080/21655979.2021.1890383
https://doi.org/10.1089/cbr.2019.3123
https://doi.org/10.1002/cbin.11194
https://doi.org/10.1002/jcp.27561
https://doi.org/10.3892/ol.2022.13401
https://doi.org/10.3389/fonc.2020.552907
https://doi.org/10.1089/cbr.2019.3177
https://doi.org/10.1038/s41391-021-00353-0
https://doi.org/10.1515/hsz-2018-0380
https://doi.org/10.3892/ijo.2014.2363
https://doi.org/10.1093/nar/gkz108
https://doi.org/10.1093/nar/gkz108
https://doi.org/10.1016/j.biocel.2017.12.005
https://doi.org/10.1016/j.biocel.2017.12.005
https://doi.org/10.1177/09636897221122997
https://doi.org/10.1177/09636897221122997
https://doi.org/10.2147/CMAR.S241093
https://doi.org/10.26355/eurrev_201907_18420
https://doi.org/10.1016/j.yexcr.2023.113686
https://doi.org/10.3892/or.2016.4791
https://doi.org/10.3892/or.2016.4791
https://doi.org/10.2147/OTT.S129928
https://doi.org/10.1016/j.heliyon.2023.e16870
https://doi.org/10.3892/ijmm.2021.4926
https://doi.org/10.18632/oncotarget.13576
https://doi.org/10.3892/ol.2023.13724
https://doi.org/10.3389/fphar.2022.895696
https://doi.org/10.1016/j.abb.2023.109604
https://doi.org/10.1016/j.abb.2023.109604
https://doi.org/10.3389/fimmu.2025.1525741
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Guo et al.

40. GuZ,YouZ, Yang Y, Ding R, Wang M, Pu J, et al. Inhibition of microRNA miR-
101-3p on prostate cancer progression by regulating cullin 4B (CUL4B) and PI3K/
AKT/mTOR signaling pathways. Bioengineered. (2021) 12:4719-35. doi: 10.1080/
21655979.2021.1949513

41. XuS, Ge ], Zhang Z, Zhou W. MiR-129 inhibits cell proliferation and metastasis
by targeting ETS1 via PI3K/AKT/mTOR pathway in prostate cancer. Biomed
Pharmacother Biomedecine Pharmacother. (2017) 96:96634-641. doi: 10.1016/
j.biopha.2017.10.037

42. Yang J, Song Q, Cai Y, Wang P, Wang M, Zhang D. RLIP76-dependent
suppression of PI3K/AKT/bcl-2 pathway by miR-101 induces apoptosis in prostate
cancer. Biochem Biophys Res Commun. (2015) 463:900-6. doi: 10.1016/
j.bbrc.2015.06.032

43. Wang Y, Shao N, Mao X, Zhu M, Fan W, Shen Z, et al. MiR-4638-5p inhibits
castration resistance of prostate cancer through repressing kidins220 expression and
PI3K/AKT pathway activity. Oncotarget. (2016) 7:47444-64. doi: 10.18632/
oncotarget.10165

44. Tang Y, Pan ], Huang S, Peng X, Zou X, Luo Y, et al. Downregulation of miR-
133a-3p Promotes Prostate Cancer Bone Metastasis via Activating PI3K/AKT
Signaling. J Exp Clin Cancer Res CR. (2018) 37:37160. doi: 10.1186/s13046-018-0813-4

45. Chang Y-L, Zhou P-J, Wei L, Li W, Ji Z, Fang Y-X, et al. MicroRNA-7 inhibits
the stemness of prostate cancer stem-like cells and tumorigenesis by repressing KLF4/
PI3K/akt/P21 pathway. Oncotarget. (2015) 6:24017-31. doi: 10.18632/oncotarget.4447

46. Guan B, Wu K, ZengJ, Xu S, Mu L, Gao Y, et al. Tumor-Suppressive microRNA-
218 Inhibits Tumor Angiogenesis via Targeting the mTOR Component RICTOR in
Prostate Cancer. Oncotarget. (2016) 8:8162-72. doi: 10.18632/oncotarget.14131

47. Tian ], Zhang H, Mu L, Wang M, Li X, Zhang X, et al. The miR-218/GAB2 Axis
Regulates Proliferation, Invasion and EMT via the PI3K/AKT/GSK-3f Pathway in
Prostate Cancer. Exp Cell Res. (2020) 394:112128. doi: 10.1016/j.yexcr.2020.112128

48. Li F, Gu C, Tian F, Jia Z, Meng Z, Ding Y, et al. miR-218 impedes IL-6-induced
prostate cancer cell proliferation and invasion via suppression of LGR4 expression.
Oncol Rep. (2016) 35:2859-65. doi: 10.3892/0r.2016.4663

49. Nip H, Dar AA, Saini S, Colden M, Varahram S, Chowdhary H, et al. Oncogenic
microRNA-4534 regulates PTEN pathway in prostate cancer. Oncotarget. (2016)
7:68371-84. doi: 10.18632/oncotarget.12031

50. Zhao W, Ning L, Wang L, Ouyang T, Qi L, Yang R, et al. miR-21 inhibition
reverses doxorubicin-resistance and inhibits PC3 human prostate cancer cells
proliferation. Andrologia. (2021) 53:¢14016. doi: 10.1111/and.14016

51. Bai L, Luo L, Gao W, Bu C, Huang J. miR-182 modulates cell proliferation and
invasion in prostate cancer via targeting ST6GGALNACS. Braz ] Med Biol Res Rev Bras
Pesqui Medicas E Biol. (2021) 54:¢9695. doi: 10.1590/1414-431X2020e9695

52. MicroRNA-149 inhibits cancer cell Malignant phenotype by regulating Akt1 in
C4-2 CRPC cell line . Available online at (Accessed May 27, 2024).

53. Budd WT, Seashols-Williams SJ, Clark GC, Weaver D, Calvert V, Petricoin E,
et al. Dual action of miR-125b as a tumor suppressor and oncomiR-22 promotes
prostate cancer tumorigenesis. PloS One. (2015) 10:e0142373. doi: 10.1371/
journal.pone.0142373

54. Tian L, Fang Y, Xue J, Chen J. Four microRNAs promote prostate cell
proliferation with regulation of PTEN and its downstream signals in vitro. PloS One.
(2013) 8:¢75885. doi: 10.1371/journal.pone.0075885

55. Yanshen Z, Lifen Y, Xilian W, Zhong D, Huihong M. miR-92a promotes
proliferation and inhibits apoptosis of prostate cancer cells through the PTEN/akt
signaling pathway. Libyan ] Med. (2021) 16:1971837. doi: 10.1080/19932820.2021.
1971837

56. ZhangY, Hao T, Zhang H, Wei P, Li X. Over-expression of miR-151a-3p inhibits
proliferation and migration of PC-3 prostate cancer cells. Xi Bao Yu Fen Zi Mian Yi
Xue Za Zhi Chin ] Cell Mol Immunol. (2018) 34:247-52.

57. Zhang H, Qi S, Zhang T, Wang A, Liu R, Guo J, et al. miR-188-5p inhibits
tumour growth and metastasis in prostate cancer by repressing LAPTM4B expression.
Oncotarget. (2015) 6:6092-104. doi: 10.18632/oncotarget.3341

58. Zhou Y-J, Yang H-Q, Xia W, Cui L, Xu R-F, Lu H, et al. Down-Regulation of
miR-605 Promotes the Proliferation and Invasion of Prostate Cancer Cells by
up-Regulating EN2. Life Sci. (2017) 190:1907-14. doi: 10.1016/j.1fs.2017.09.028

59. Khan MI, Hamid A, Rath S, Ateeq B, Khan Q, Siddiqui IA, et al. AKT inhibition
modulates H3K4 demethylase levels in PTEN-null prostate cancer. Mol Cancer Ther.
(2019) 18:356-63. doi: 10.1158/1535-7163.MCT-18-0141

60. Lin T-H, Chang SL-Y, Khanh PM, Trang NTN, Liu S-C, Tsai H-C, et al. Apelin
Promotes Prostate Cancer Metastasis by Downregulating TIMP2 via Increases in miR-
106a-5p Expression. Cells. (2022) 11:3285. doi: 10.3390/cells11203285

61. Chen K-HE, Bustamante K, Nguyen V, Walker AM. Involvement of miR-106b
in tumorigenic actions of both prolactin and estradiol. Oncotarget. (2017) 8:36368-82.
doi: 10.18632/oncotarget.16755

62. Wan X, Huang W, Yang S, Zhang Y, Zhang P, Kong Z, et al. Androgen-induced
miR-27A acted as a tumor suppressor by targeting MAP2K4 and mediated prostate
cancer progression. Int ] Biochem Cell Biol. (2016) 79:79249-260. doi: 10.1016/
j.biocel.2016.08.043

63. Wan X, Pu H, Huang W, Yang S, Zhang Y, Kong Z, et al. Androgen-Induced
miR-135a Acts as a Tumor Suppressor through Downregulating RBAK and MMP11,

Frontiers in Immunology

18

10.3389/fimmu.2025.1525741

and Mediates Resistance to Androgen Deprivation Therapy. Oncotarget. (2016)
7:51284-300. doi: 10.18632/oncotarget.9992

64. Xie T, Fu D, Li Z, Lv D, Song X-L, Yu Y, et al. CircSMARCCI Facilitates Tumor
Progression by Disrupting the Crosstalk between Prostate Cancer Cells and Tumor-
Associated Macrophages via miR-1322/CCL20/CCR6 Signaling. Mol Cancer. (2022)
21:21173. doi: 10.1186/s12943-022-01630-9

65. ShiJ, Liu C, Chen C, Guo K, Tang Z, Luo Y, et al. Circular RNA circMBOAT2
Promotes Prostate Cancer Progression via a miR-1271-5p/mTOR Axis. Aging. (2020)
12:13255-80. doi: 10.18632/aging.103432

66. Li S, Yu C, Zhang Y, Liu J, Jia Y, Sun F, et al. Circular RNA cir-ITCH is a
potential therapeutic target for the treatment of castration-resistant prostate cancer.
BioMed Res Int. (2020) 2020:20207586521. doi: 10.1155/2020/7586521

67. Zhang L, Meng X, Li D, Han X. piR-001773 and piR-017184 promote prostate
cancer progression by interacting with PCDH9. Cell Signal. (2020) 96:76109780.
doi: 10.1016/j.cellsig.2020.109780

68. Zhang Z, Wang Y, Zhang Y, Zheng S-F, Feng T, Tian X, et al. The function and
mechanisms of action of circular RNAs in urologic cancer. Mol Cancer. (2023) 22:2261.
doi: 10.1186/s12943-023-01766-2

69. Boutilier AJ, Elsawa SF. Macrophage polarization states in the tumor
microenvironment. Int ] Mol Sci. (2021) 22:6995. doi: 10.3390/ijms22136995

70. LiuY, DouM, Song X, Dong Y, Liu S, Liu H, et al. The emerging role of the piRNA/
piwi complex in cancer. Mol Cancer. (2019) 18:18123. doi: 10.1186/512943-019-1052-9

71. Paolillo M, Schinelli S. Extracellular matrix alterations in metastatic processes.
Int J Mol Sci. (2019) 20:4947. doi: 10.3390/ijms20194947

72. Simpson CD, Anyiwe K, Schimmer AD. Anoikis resistance and tumor
metastasis. Cancer Lett. (2008) 272:177-85. doi: 10.1016/j.canlet.2008.05.029

73. Sakamoto S, Kyprianou N. Targeting anoikis resistance in prostate cancer
metastasis. Mol Aspects Med. (2010) 31:205-14. doi: 10.1016/j.mam.2010.02.001

74. Zhang S, Yu D. PI(3) king apart PTEN’s role in cancer. Clin Cancer Res. (2010)
16:4325-30. doi: 10.1158/1078-0432.CCR-09-2990

75. LiY, Wang X. The role of cullin4B in human cancers. Exp Hematol Oncol. (2017)
6:617. doi: 10.1186/s40164-017-0077-2

76. De Nunzio C, Kramer G, Marberger M, Montironi R, Nelson W, Schroder F,
et al. The controversial relationship between benign prostatic hyperplasia and prostate
cancer: the role of inflammation. Eur Urol. (2011) 60:106-17. doi: 10.1016/
j.eururo.2011.03.055

77. Dittmer J. The biology of the etsl proto-oncogene. Mol Cancer. (2003) 2:229.
doi: 10.1186/1476-4598-2-29

78. Dittmer J. The role of the transcription factor etsl in carcinoma. Semin Cancer
Biol. (2015) 35:520-38. doi: 10.1016/j.semcancer.2015.09.010

79. Day KC, Hiles GL, Kozminsky M, Dawsey SJ, Paul A, Broses L], et al. HER2 and
EGFR overexpression support metastatic progression of prostate cancer to bone.
Cancer Res. (2017) 77:74-85. doi: 10.1158/0008-5472.CAN-16-1656

80. Zhu P, Lv ], Yang Z, Guo L, Zhang L, Li M, et al. Protocadherin 9 inhibits
epithelial-mesenchymal transition and cell migration through activating GSK-3B in
hepatocellular carcinoma. Biochem Biophys Res Commun. (2014) 452:567-74.
doi: 10.1016/j.bbrc.2014.08.101

81. Chen Y, Xiang H, Zhang Y, Wang J, Yu G. Loss of PCDH is associated with the
differentiation of tumor cells and metastasis and predicts poor survival in gastric
cancer. Clin Exp Metastasis. (2015) 32:417-28. doi: 10.1007/s10585-015-9712-7

82. Zhang ], Yang H-Z, Liu S, Islam MO, Zhu Y, Wang Z, et al. PCDH9 suppresses
melanoma proliferation and cell migration. Front Oncol. (2022) 12:12903554.
doi: 10.3389/fonc.2022.903554

83. Wilson RL, Taaffe DR, Newton RU, Hart NH, Lyons-Wall P, Galvio DA.
Obesity and prostate cancer: A narrative review. Crit Rev Oncol Hematol. (2022)
169:169103543. doi: 10.1016/j.critrevonc.2021.103543

84. Liao Y, Abel U, Grobholz R, Hermani A, Trojan L, Angel P, et al. Up-regulation of
insulin-like growth factor axis components in human primary prostate cancer correlates
with tumor grade. Hum Pathol. (2005) 36:1186-96. doi: 10.1016/j.humpath.2005.07.023

85. Zhao M, Wang S, Li Q, Ji Q, Guo P, Liu X. MALAT1: A long non-coding RNA
highly associated with human cancers. Oncol Lett. (2018) 16:19-26. doi: 10.3892/
01.2018.8613

86. Brandmaier A, Hou S-Q, Shen WH. Cell cycle control by PTEN. J Mol Biol.
(2017) 429:2265-77. doi: 10.1016/j.jmb.2017.06.004

87. Mohamed OAA, Tesen HS, Hany M, Sherif A, Abdelwahab MM, Elnaggar MH.

The role of hypoxia on prostate cancer progression and metastasis. Mol Biol Rep. (2023)
50:3873-84. doi: 10.1007/s11033-023-08251-5

88. Cheng K, Batbatan C, Jia Q. IL-6 enhances the viability and invasion ability of
prostate cancer cells. Stud Health Technol Inform. (2023) 308:308521-526.
doi: 10.3233/SHTI1230879

89. Singhal SS, Roth C, Leake K, Singhal ], Yadav S, Awasthi S. Regression of prostate
cancer xenografts by RLIP76 depletion. Biochem Pharmacol. (2009) 77:1074-83.
doi: 10.1016/j.bcp.2008.11.013

90. Liu L-Z, Li C, Chen Q, Jing Y, Carpenter R, Jiang Y, et al. MiR-21 induced
angiogenesis through AKT and ERK activation and HIF-1o. Expression. PloS One.
(2011) 6:¢19139. doi: 10.1371/journal.pone.0019139

frontiersin.org


https://doi.org/10.1080/21655979.2021.1949513
https://doi.org/10.1080/21655979.2021.1949513
https://doi.org/10.1016/j.biopha.2017.10.037
https://doi.org/10.1016/j.biopha.2017.10.037
https://doi.org/10.1016/j.bbrc.2015.06.032
https://doi.org/10.1016/j.bbrc.2015.06.032
https://doi.org/10.18632/oncotarget.10165
https://doi.org/10.18632/oncotarget.10165
https://doi.org/10.1186/s13046-018-0813-4
https://doi.org/10.18632/oncotarget.4447
https://doi.org/10.18632/oncotarget.14131
https://doi.org/10.1016/j.yexcr.2020.112128
https://doi.org/10.3892/or.2016.4663
https://doi.org/10.18632/oncotarget.12031
https://doi.org/10.1111/and.14016
https://doi.org/10.1590/1414-431X2020e9695
https://doi.org/10.1371/journal.pone.0142373
https://doi.org/10.1371/journal.pone.0142373
https://doi.org/10.1371/journal.pone.0075885
https://doi.org/10.1080/19932820.2021.1971837
https://doi.org/10.1080/19932820.2021.1971837
https://doi.org/10.18632/oncotarget.3341
https://doi.org/10.1016/j.lfs.2017.09.028
https://doi.org/10.1158/1535-7163.MCT-18-0141
https://doi.org/10.3390/cells11203285
https://doi.org/10.18632/oncotarget.16755
https://doi.org/10.1016/j.biocel.2016.08.043
https://doi.org/10.1016/j.biocel.2016.08.043
https://doi.org/10.18632/oncotarget.9992
https://doi.org/10.1186/s12943-022-01630-9
https://doi.org/10.18632/aging.103432
https://doi.org/10.1155/2020/7586521
https://doi.org/10.1016/j.cellsig.2020.109780
https://doi.org/10.1186/s12943-023-01766-2
https://doi.org/10.3390/ijms22136995
https://doi.org/10.1186/s12943-019-1052-9
https://doi.org/10.3390/ijms20194947
https://doi.org/10.1016/j.canlet.2008.05.029
https://doi.org/10.1016/j.mam.2010.02.001
https://doi.org/10.1158/1078-0432.CCR-09-2990
https://doi.org/10.1186/s40164-017-0077-2
https://doi.org/10.1016/j.eururo.2011.03.055
https://doi.org/10.1016/j.eururo.2011.03.055
https://doi.org/10.1186/1476-4598-2-29
https://doi.org/10.1016/j.semcancer.2015.09.010
https://doi.org/10.1158/0008-5472.CAN-16-1656
https://doi.org/10.1016/j.bbrc.2014.08.101
https://doi.org/10.1007/s10585-015-9712-7
https://doi.org/10.3389/fonc.2022.903554
https://doi.org/10.1016/j.critrevonc.2021.103543
https://doi.org/10.1016/j.humpath.2005.07.023
https://doi.org/10.3892/ol.2018.8613
https://doi.org/10.3892/ol.2018.8613
https://doi.org/10.1016/j.jmb.2017.06.004
https://doi.org/10.1007/s11033-023-08251-5
https://doi.org/10.3233/SHTI230879
https://doi.org/10.1016/j.bcp.2008.11.013
https://doi.org/10.1371/journal.pone.0019139
https://doi.org/10.3389/fimmu.2025.1525741
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Guo et al.

91. Ahmad A, Nawaz MI. Molecular mechanism of VEGF and its role in
pathological angiogenesis. J Cell Biochem. (2022) 123:1938-65. doi: 10.1002/jcb.30344

92. Najafi M, Farhood B, Mortezace K. Cancer stem cells (CSCs) in cancer
progression and therapy. J Cell Physiol. (2019) 234:8381-95. doi: 10.1002/jcp.27740

93. Wang Z, Chen C, Tao Y, Zou P, Gao F, Jia C, et al. Ultrasound-induced
microbubble cavitation combined with miR-34a-loaded nanoparticles for the treatment
of castration-resistant prostate cancer. | Biomed Nanotechnol. (2021) 17:78-89.
doi: 10.1166/jbn.2021.3020

94. Toden S, Zumwalt TJ, Goel A. Non-coding RNAs and potential therapeutic
targeting in cancer. Biochim Biophys Acta Rev Cancer. (2021) 1875:188491.
doi: 10.1016/j.bbcan.2020.188491

95. Yu EY, Ellard SL, Hotte SJ, Gingerich JR, Joshua AM, Gleave ME, et al. A
randomized phase 2 study of a HSP27 targeting antisense, apatorsen with prednisone
versus prednisone alone, in patients with metastatic castration resistant prostate cancer.
Invest New Drugs. (2018) 36:278-87. doi: 10.1007/s10637-017-0553-x

96. AiJ, LiJ, Su Q, Ma H, He R, Wei Q, et al. rAAV-based and intraprostatically
delivered miR-34a therapeutics for efficient inhibition of prostate cancer progression.
Gene Ther. (2022) 29:418-24. doi: 10.1038/s41434-021-00275-5

97. Chen M, Lin C, Huang L, Qiu X. CircRNA SMARCCI sponges miR-140-3p to
regulate cell progression in colorectal cancer. Cancer Manage Res. (2020) 12:124899-4910.
doi: 10.2147/CMAR.S254185

98. Fizazi K, Hotte SJ, Saad F, Alekseev B, Matveev VB, Flechon A, et al.
Genitourinary tumours, prostate final overall survival (OS) from the AFFINITY
phase 3 trial of custirsen and cabazitaxel/prednisone in men with previously treated
metastatic castration-resistant prostate cancer (mCRPC). Ann Oncol. (2016)
27:27vi564. doi: 10.1093/annonc/mdw435.20

99. Winkle M, El-Daly SM, Fabbri M, Calin GA. Noncoding RNA therapeutics —
Challenges and potential solutions. Nat Rev Drug Discovery. (2021) 20:629-51.
doi: 10.1038/s41573-021-00219-z

100. Kong F, Wang C, Zhang ], Wang X, Sun B, Xiao X, et al. Chinese herbal
medicines for prostate cancer therapy: from experimental research to clinical practice.
Chin Herb Med. (2023) 15:485-95. doi: 10.1016/j.chmed.2023.05.003

101. Chi KN, Yu EY, Jacobs C, Bazov J, Kollmannsberger C, Higano CS, et al. A
phase I dose-escalation study of apatorsen (OGX-427), an antisense inhibitor targeting
heat shock protein 27 (Hsp27) , in patients with castration-resistant prostate cancer and
other advanced cancers. Ann Oncol. (2016) 27:1116-22. doi: 10.1093/annonc/mdw068

102. Zhang X, Liu G, Li K, Wang K, Zhang Q, Cui Y. Meta-analysis of efficacy and
safety of custirsen in patients with metastatic castration-resistant prostate cancer.
Med (Baltimore). (2019) 98:e14254. doi: 10.1097/MD.0000000000014254

103. Ekin A, Karatas OF, Culha M, Ozen M. Designing a Gold Nanoparticle-Based
Nanocarrier for microRNA Transfection into the Prostate and Breast Cancer Cells.
J Gene Med. (2014) 16:331-5. doi: 10.1002/jgm.2810

Frontiers in Immunology

19

10.3389/fimmu.2025.1525741

104. Rana I, Oh J, Baig J, Moon JH, Son S, Nam J. Nanocarriers for cancer nano-
immunotherapy. Drug Deliv Transl Res. (2023) 13:1936-54. doi: 10.1007/513346-022-01241-3

105. Liu J-M, Lin P-H, Hsu R-J, Chang Y-H, Cheng K-C, Pang S-T, et al.
Complementary traditional chinese medicine therapy improves survival in patients
with metastatic prostate cancer. Med (Baltimore). (2016) 95:e4475. doi: 10.1097/
MD.0000000000004475

106. Lu X, Yang F, Chen D, Zhao Q, Chen D, Ping H, et al. Quercetin reverses
docetaxel resistance in prostate cancer via androgen receptor and PI3K/akt signaling
pathways. Int J Biol Sci. (2020) 16:1121-34. doi: 10.7150/ijbs.41686

107. Wen D, Peng Y, Lin F, Singh RK, Mahato RI. Micellar delivery of miR-34a
modulator rubone and paclitaxel in resistant prostate cancer. Cancer Res. (2017)
77:3244-54. doi: 10.1158/0008-5472.CAN-16-2355

108. Adamaki M, Zoumpourlis V. Prostate cancer biomarkers: from diagnosis to
prognosis and precision-guided therapeutics. Pharmacol Ther. (2021) 228:228107932.
doi: 10.1016/j.pharmthera.2021.107932

109. Egli M, Manoharan M. Re-engineering RNA molecules into therapeutic agents.
Acc Chem Res. (2019) 52:1036-47. doi: 10.1021/acs.accounts.8b00650

110. Shorning BY, Dass MS, Smalley MJ, Pearson HB. The PI3K-AKT-mTOR
pathway and prostate cancer: at the crossroads of AR, MAPK, and WNT signaling.
Int J Mol Sci. (2020) 21:4507. doi: 10.3390/ijms21124507

111. Al-Asaaed S, Winquist E. Custirsen (OGX-011): clusterin inhibitor in metastatic
prostate cancer. Curr Oncol Rep. (2013) 15:113-8. doi: 10.1007/s11912-012-0285-1

112. Mitchell MJ, Billingsley MM, Haley RM, Wechsler ME, Peppas NA, Langer R.
Engineering precision nanoparticles for drug delivery. Nat Rev Drug Discovery. (2021)
20:101-24. doi: 10.1038/s41573-020-0090-8

113. Najahi-Missaoui W, Arnold RD, Cummings BS. Safe nanoparticles: are we
there yet? Int. ] Mol Sci. (2020) 22:385. doi: 10.3390/ijms22010385

114. Lee CYF, Rennie PS, Jia WWG. MicroRNA regulation of oncolytic herpes
simplex virus-1 for selective killing of prostate cancer cells. Clin Cancer Res. (2009)
15:5126-35. doi: 10.1158/1078-0432.CCR-09-0051

115. Tatarano S, Chiyomaru T, Kawakami K, Enokida H, Yoshino H, Hidaka H,
et al. miR-218 on the genomic loss region of chromosome 4p15.31 functions as a tumor
suppressor in bladder cancer. Int ] Oncol. (2011) 39:13-21. doi: 10.3892/ij0.2011.1012

116. Leite KRM, Sousa-Canavez JM, Reis ST, Tomiyama AH, Camara-Lopes LH,
Saiudo A, et al. Change in Expression of miR-Let7c, miR-100, and miR-218 from High
Grade Localized Prostate Cancer to Metastasis. Urol Oncol Semin Orig Investig. (2011)
29:265-9. doi: 10.1016/j.urolonc.2009.02.002

117. Sweeney C, Bracarda S, Sternberg CN, Chi KN, Olmos D, Sandhu S, et al.
Ipatasertib plus abiraterone and prednisolone in metastatic castration-resistant prostate
cancer (IPATential150): A multicentre, randomised, double-blind, phase 3 trial. Lancet
Lond Engl. (2021) 398:131-42. doi: 10.1016/S0140-6736(21)00580-8

frontiersin.org


https://doi.org/10.1002/jcb.30344
https://doi.org/10.1002/jcp.27740
https://doi.org/10.1166/jbn.2021.3020
https://doi.org/10.1016/j.bbcan.2020.188491
https://doi.org/10.1007/s10637-017-0553-x
https://doi.org/10.1038/s41434-021-00275-5
https://doi.org/10.2147/CMAR.S254185
https://doi.org/10.1093/annonc/mdw435.20
https://doi.org/10.1038/s41573-021-00219-z
https://doi.org/10.1016/j.chmed.2023.05.003
https://doi.org/10.1093/annonc/mdw068
https://doi.org/10.1097/MD.0000000000014254
https://doi.org/10.1002/jgm.2810
https://doi.org/10.1007/s13346-022-01241-3
https://doi.org/10.1097/MD.0000000000004475
https://doi.org/10.1097/MD.0000000000004475
https://doi.org/10.7150/ijbs.41686
https://doi.org/10.1158/0008-5472.CAN-16-2355
https://doi.org/10.1016/j.pharmthera.2021.107932
https://doi.org/10.1021/acs.accounts.8b00650
https://doi.org/10.3390/ijms21124507
https://doi.org/10.1007/s11912-012-0285-1
https://doi.org/10.1038/s41573-020-0090-8
https://doi.org/10.3390/ijms22010385
https://doi.org/10.1158/1078-0432.CCR-09-0051
https://doi.org/10.3892/ijo.2011.1012
https://doi.org/10.1016/j.urolonc.2009.02.002
https://doi.org/10.1016/S0140-6736(21)00580-8
https://doi.org/10.3389/fimmu.2025.1525741
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Exploring the roles of ncRNAs in prostate cancer via the PI3K/AKT/mTOR signaling pathway
	1 Introduction
	2 Types of ncRNAs that are linked to the PAM signaling pathway
	2.1 LncRNAs
	2.2 MiRNAs
	2.3 CircRNAs
	2.4 PiRNAs

	3 Functions of ncRNAs in the PAM signaling pathway in PCa cells
	3.1 Metastasis
	3.1.1 Inhibition of metastasis
	3.1.2 Promotion of metastasis

	3.2 Tumor growth
	3.2.1 Promotion of tumor growth
	3.2.2 Inhibition of tumor growth

	3.3 Angiogenesis
	3.4 Tumor stemness

	4 Clinical roles of ncRNAs in the PAM pathway
	4.1 Diagnosis
	4.2 Prognosis
	4.3 Treatment

	5 Discussion
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	References


