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Abstract. Prostate cancer (PCa) is second only to lung cancer in
terms of death among men worldwide. Advanced PCa frequently
results in bone metastases, which occur in ~90% of patients and
frequently result in severe skeleton-related events. Currently,
the treatment for this disease is limited to alleviating its clinical
symptoms and cannot provide a complete cure. Therefore, the
development of novel treatment strategies is particularly impor-
tant. In recent years, numerous novel strategies for the diagnosis
and treatment of PCa have emerged, resulting in good clinical effi-
cacy. For example, strategies targeting prostate specific membrane
antigen, poly ADP-ribose polymerase and programmed cell death
protein 1 have been applied to PCa-induced bone metastasis, and
have shown initial efficacy and great potential. Therefore, under-
standing the molecular mechanisms underlying the formation
of bone metastases in patients with PCa is of importance for the
effective management of this disease. The purpose of the present
review is to comprehensively outline the roles of protein-coding
genes and non-coding RNAs in the development of bone
metastases of PCa to elucidate their significance in the manage-
ment of PCa. The aim is to offer clinicians and researchers a
comprehensive understanding of this topic.
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1. Introduction

Among all malignancies, prostate cancer (PCa) is the
primary cancer in men and the second highest contributor
to mortality (1,2). Metastatic PCa, which is often deemed
incurable, has a 5-year survival rate of only 25% in contrast
to the 99% survival rate of localized PCa (3,4). Studies have
indicated that 80-90% of individuals diagnosed with advanced
PCa will ultimately experience the development of bone
metastases (5-8). Advanced PCa is usually treated with drugs
or surgical castration (9,10). Most castration-resistant PCa
(CRPC) is ultimately incurable, and CRPC is often accompa-
nied by the risk of bone metastasis (11,12). Patients with bone
metastases are prone to skeleton-related events, including
unbearable bone pain, which reduces the quality of life of
patients and increases the chance of death (13,14). The axial
bone is the most common site of PCa metastases, especially in
the pelvis or spine (15).

The identification and management of bone metastases
in patients with PCa pose difficulties. In the past few years,
the introduction of positron emission tomography/computed
tomography (PET/CT) has transformed the way patients
with PCa-induced bone metastasis are diagnosed and
treated. Scientists created PET/CT-targeted prostate specific
membrane antigen (PSMA) (16), which can be used for molec-
ular imaging-based diagnosis. This technique has been widely
used in the diagnosis of PCa-related bone metastases (17-20).
Furthermore, conducting a bone tissue biopsy has remained
the most precise technique for detecting bone metastases at
present. However, the limited clinical application of these
methods is attributed to invasive surgical procedures, a lack of
specificity, high expenses and the potential hazards of radiation
exposure (21). Therefore, in-depth exploration of the molecular
mechanisms of PCa-induced bone metastasis is needed to
identify valuable diagnostic and therapeutic biomarkers.

The high tendency of bone metastasis of PCa is related
to numerous factors, and the complete molecular process
that underlies the formation of bone metastases remains
unclear. A study has indicated that the factors influencing the
tendency of PCa to metastasize to bones mainly include the
tumor microenvironment, interactions between cancer cells
and bone matrix cells, the expression of specific proteins
such as bone morphogenetic protein (BMP) and receptor
activator of NF-kB ligand (RANKL), and the activation of
signaling pathways that promote the activities of osteoblasts
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and osteoclasts (22). Previous studies have confirmed that
numerous RNAs (protein-coding genes and non-coding
RNAs5) in the primary tumor tissue and the microenvironment
serve a role in the chemotactic movement, colonization and
destruction of bone tissue by cancer cells during PCa-induced
bone metastasis (23-28). Bone metastasis occurs when
tumor cells disrupt the physiological remodeling process
through the same molecular mechanisms as those of bone
precursors. This process involves molecular communication
among bone cells, osteoblasts and osteoclasts. Tumor cells
use bone tissue to absorb and release certain factors, thereby
establishing a vicious cycle that promotes the establishing
process (27). Exosomes, soluble substances and ligands that
bind to the membrane affect the microenvironment of the bone
marrow (22). Upon establishing certain conditions, a special-
ized environment is created that supports the survival of PCa
cells, thereby facilitating the advancement of lesions toward a
dominant state (22).

The present review summarizes the mechanism of action of
protein-coding genes and non-coding RNAs in PCa-induced
bone metastasis, discusses the value of applying the identi-
fied targets in the diagnosis and treatment of the disease,
and provides novel ideas for the diagnosis and treatment of
PCa-induced bone metastasis.

2. Protein-coding genes associated with bone metastases
of PCa

Similar to other tumors, protein-coding genes serve an
important role in regulating bone metastasis in PCa (22).
By thoroughly examining the literature, it has been revealed
that the bone metastasis of PCa is primarily influenced by
the direct promotion of the spread to the bones of PCa, the
interaction between PCa and bone tissue, the adhesion of PCa
to bone tissue and the regulation of PCa by the bone microen-
vironment (22,29-31) (Table I). Through the aforementioned
processes, most mRNAs participate in bone metastases and
bone destruction after metastases of PCa (23,24,28,32-34). In
addition, some mRNAs also have an inhibitory effect (35-38)
(Fig. 1). Therefore, focusing on these molecules could poten-
tially provide therapeutic benefits for PCa-induced bone
metastasis.

Direct promotion of PCa metastases. Numerous studies
have validated the contribution of protein-coding genes
in facilitating the spread of PCa to the bones (23,24,29).
Tetraspanin-18 (TSPANI18) (23), interferon induced trans-
membrane protein 3 (IFITM3) (24), fibroblast growth
factor-inducible 14 (Fn14) (28), Frizzled 8 (FZDS) (32), T-Box
protein 2 (TBX?2) (33) and myc associated zinc finger protein
(MAZ) (34) promote the migration and invasion of PCa cells
by participating in Wnt/B-catenin, Ca (2+), TGF-f3, NF-xB,
kRas and other signaling pathways, and finally achieve the
purpose of promoting PCa-induced bone metastasis.

TBX2, a member of the T-box family of transcription
factors, has a critical function in embryonic development
by acting as a negative regulator of the cell cycle inhibitor
p21 (39). In human PCa specimens and human PCa xenograft
mouse models, TBX2 expression was increased in bone metas-
tases. In vitro, inhibiting the natural expression of TBX2 in

PCa cell models could decrease the proliferation, formation
of colonies and invasion of tumor cells. Inhibiting natural
TBX2 in mouse xenografts of human PCa decreased the inva-
sion of tumor cells and the spread of cancer to bones and soft
tissues (33). In addition, blocking the endogenous TBX?2 of
PCa cells was found to reduce bone colonization in an intrati-
bial mouse model (33). The study of the mechanism revealed
that TBX2 is a downstream target of WNT3A, suggesting that
the use of WNT3A antagonists could potentially serve as a
novel medication for managing metastatic and skeletal issues
in patients with PCa (33). Li er al (32) reported that FZDS§
from the FZD family was highly expressed in bone metastatic
PCa cell lines and tissues. Clinical tumor progression and
bone metastases were positively associated with the elevated
expression of FZDS. Furthermore, the excessive expression
of FZD8 was observed to enhance the movement, infiltra-
tion and stem-like characteristics of PCa cells in laboratory
settings through the activation of conventional Wnt/B-catenin
signaling. Conversely, the inhibition of FZD8 resulted in the
suppression of these characteristics. The suppression of FZDS§
markedly reduced the occurrence of bone metastases in vivo in
patients with PCa. Collectively, these observations revealed a
novel process of bone spread in PCa and suggested that TBX?2
and FZDS could serve as promising targets for the treatment
of PCa-induced bone metastasis.

Zhou et al (23) explored the regulatory mechanism of
TSPANI18 promoting PCa-induced bone metastasis. The role
of TSPANIS8 in bone metastases of PCa was examined using
both in vitro and in vivo models. The findings indicated that
stromal interaction molecule 1 (STIM1) had a direct interac-
tion with TSPAN18, and TSPAN18 competitively hindered
the tripartite motif containing 32-mediated ubiquitination and
degradation of STIMI, consequently enhancing the stability
of the STIMI1 protein. Furthermore, TSPANI18 effectively
enhanced the influx of Ca(2+) in a STIM1-dependent manner,
consequently leading to notable enhancement of the migra-
tion and invasion of PCa cells in laboratory settings and
the development of bone metastases in animal experiments.
This suggests that TSPAN18 may be an attractive therapeutic
target to block PCa-induced bone metastasis. The presence
of TGF-p in the bone matrix is a crucial factor in promoting
bone metastases as it induces epithelial-mesenchymal
transformation (EMT) (40). Liu et al (24) revealed that
the activation of the TGF-f-Smads signaling pathway was
facilitated by IFITM3 through its interaction with Smad4.
This interaction was crucial in enhancing the proliferation,
invasion and bone migration of PCa cells. Suppression of
IFITM3 could impede the growth and movement of cells by
reversing EMT and reducing the levels of transfer-associated
substances such as fibroblast growth factors and parathyroid
hormone-related protein. Microarray analysis revealed that
the suppression of IFITM3 could modify the MAPK pathway
linked to TGF-B-Smads signaling. The findings indicated
that IFITM3 had a cancer-causing function in the progres-
sion of PCa and the spread of cancer to the bones via a novel
pathway involving TGF-f, Smads and MAPK. Furthermore,
Yin et al (28) reported that FN14, which belongs to the TNF
receptor family, serves a role in enhancing bone metastases.
In experimental models, loss of FN14 inhibited bone metas-
tases, and FN14 could be functionally reconstituted through
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Figure 1. Mechanism of action of coding RNAs associated with bone metastasis in PCa. The image was generated by Figdraw (https://www.figdraw.

com/static/index.html#/; 2.0 version; ID: POITW56400). PCa, prostate cancer.

IKp-dependent NF-xB signaling activation. The results indi-
cated that the NF-kB pathway served a role in the spread of
PCa through FN14 signaling, highlighting FN14 as a potential
treatment and imaging target for CRPC. MAZ, a zinc finger
protein associated with Myc, has been extensively studied as
an oncogene implicated in the advancement and spread of
various types of cancer, including PCa (41-43). Yang et al (34)
discussed the clinical significance and biological role of MAZ
in bone metastases of PCa. The findings indicated that the
level of MAZ expression was elevated in PCa cases with bone
metastases compared with those without bone metastases. In
patients with PCa, high expression of MAZ was negatively
associated with both overall and bone metastasis-free survival.
Enhancing the expression of MAZ enhanced the in vitro inva-
sion and migration of PCa cells, whereas suppressing MAZ
impeded the bone metastases of PCa cells in vivo. The find-
ings additionally demonstrated that MAZ depends on kRas
signaling pathways to enhance PCa-induced bone metastasis.

Mechanism of interaction between PCa and bone tissue.
According to the latest research, ~85% of patients with PCa
experience bone metastasis in the advanced stages (44);
however, the underlying biological mechanism for this specific
preference remains mostly unexplained. There is an interac-
tion mechanism between PCa and bone tissue through some

protein-coding genes. Kolonin et al (30) revealed that the
connection between receptor for advanced glycation end prod-
ucts (RAGE) and protease 3 (PR3) facilitated the migration
of PCa cells to the bone marrow. In vitro, PR3 interacted with
RAGE on the surface of PCa cells, leading to the stimulation
of tumor cell movement through the activation and phos-
phorylation of a non-proteolytic signaling pathway involving
ERK1/2 and JNKI1. Mouse tumor experiments validated
that the abnormal expression of RAGE on human PCa cells
was enough to facilitate the migration to the bone marrow
temporarily. The results illustrated the role of RAGE-PR3
interactions in facilitating bone metastases during the
progression of PCa in human cells, highlighting their potential
impact on prognosis and therapeutic approaches. Spondin 2
is a specific diagnostic marker for PCa. Research has verified
the function of spondin 2 in stimulating the development of
bone-forming cells in PCa cells (45). Spondin 2 enhances the
production of Osterix and RUNX family transcription factor
2 (RUNX?2) in bone cells, and it facilitates bone creation via
the PI3K/AKT/mTOR pathway during the advancement of
prostate tumors (45). In addition, Zhang et al (46) deliber-
ated the specific regulatory mechanism and biological role
of E3 ubiquitin ligase F-box protein 22 (FBX022) in the
metastasis of PCa. FBX022 was upregulated in PCa tissues
compared with paracancerous tissues and metastatic bone
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tissues compared with bone tissues without bone metastases.
Downregulation of FBXO22 decreased bone metastases and
M2-type polarization of macrophages in mice. The activity of
PCa cells and osteoblasts was detected by co-culturing them
with macrophages. Knockdown of FBXO22 inhibited tumor
activity, while restoring the osteoblast capacity of promoting
bone formation and remodeling. The findings indicated that
FBX022 enhanced the proliferation activity of PCa cells and
caused osteogenic damage by inducing polarization of M2
macrophages.

Adhesion of PCa to bone tissue. Increased expression of
RANKL in PCa cells can promote bone metastases of
PCa (31). The molecular mechanisms of bone preference in
PCa promote the growth and survival of PCa cells in the
bone environment, as well as the recruitment of bystander
dormant cells to participate in bone metastases (47). A study
has confirmed the strong attachment of PCa cells to proteins
within the bone matrix through the RANKL/receptor activator
of NF-kB axes (47). PCa cells exhibit a tendency to stick to
bone marrow endothelial cells (BMECs), leading to the forma-
tion of metastasis that preferentially targets the bone (48).
Earlier data have indicated a higher tendency for metastases in
PCa cells that express prostate stem cell antigen (PSCA) (49).
Zhao et al (50) described the role of PSCA in the adhesion of
PCa cells to BMECs. Cell adhesion was assessed by adhesion
tests and transendothelial migration. The results confirmed
that PSCA/progranulin (PGRN) promoted the adhesion and
metastases of PCa cells to BMECs via the NF-«B/integrin-o4
pathway. The results indicated that targeting PSCA/PGRN
could be a viable option for the treatment of the spread of PCa,
particularly to the bones.

Collagen binding can activate discoidin domain receptor
2 (DDR2), which belongs to the receptor tyrosine kinase
family (51). Yan et al (52) explored the role and mechanism of
DDR?2 in bone spread of PCa. The study found that enhanced
DDR?2 expression led to increased motility and aggressive-
ness of PCa cells, while knockdown of DDR2 by specific
short hairpin RNAs (shRNAs) led to inhibition. Knockdown
of DDR2 in PCa cells resulted in reduced proliferation,
differentiation and function of osteoblasts. Animal models
of bone metastases using intraosseous injection showed that
DDR2 promoted osteolytic metastasis in vivo. According
to molecular evidence, DDR2 serves a role in the activation
of osteoclasts and the breakdown of bone vis TGF-f, thus
facilitating the attachment of PCa cells to type I collagen (52).
Adaptor proteins called talins control adhesion signals by
connecting integrins to the cytoskeleton. Talins serve a crucial
role in activating integrins by directly binding to them (53).
Jin et al (54) revealed that the activation of 1 integrin in
metastatic PCa cells leads to an increase in PCa metastases to
both lymph nodes and bone. Their research has shown that the
phosphorylation of talinl by CDKS, resulting in the activation
of B1 integrin, can enhance the metastatic capability of PCa
cells.

Whnt-1-induced secreted protein 1 (WISP-1), a member
of the cysteine rich angiogenic inducer 61, connective tissue
growth factor, Nov family of matricellular proteins, has a
crucial function in the development of bones (55). Tai et al (56)
reported that introducing WISP-1 shRNA into osteoblasts

reduced vascular adhesion molecule-1 (VCAM-1) expression
and PCa migration. The study revealed that WISP-1, derived
from osteoblasts, suppressed microRNA (miRNA/miR)-126
expression by utilizing avf1 integrin, focal adhesion kinase
and p38 signaling pathways, which facilitated the movement of
human PCa cells and enhanced the expression of VCAM-1 (56).
Chang et al (57) revealed that WISP-1 controlled the process of
bone mineralization by stimulating the production of BMP2,
BMP4 and osteopontin in osteoblasts. WISP-1, derived from
osteoblasts, increased the VCAM-1 expression in PCa cells,
leading to the promotion of cancer cell adhesion to osteoblasts.
Therefore, WISP-1 may be a novel molecular therapeutic target
for PCa-induced bone metastasis.

Regulatory effect of the bone microenvironment on PCa.
Metastasis of PCa to the bone can result in the induction of
epigenome reprogramming and dry remodeling of cancer cells,
consequently enhancing the adaptability of cancer cells to the
bone microenvironment and potentially causing secondary
tumor metastases (22). The interaction between PCa cells
and the bone microenvironment establishes a harmful cycle
that controls the bone microenvironment, enhances bone
abnormalities and stimulates the growth of bone tumors (22).
However, the molecular mechanism by which PCa regulates
the bone microenvironment is complex. Prior research has vali-
dated that certain protein-coding gene molecules contribute
to the control of the bone microenvironment, facilitating the
proliferation of PCa within the skeletal system (58).

Some mRNAs are involved in the negative regulation
of PCa progression in the bone microenvironment (35-37).
Zhang et al (35) revealed that RNAs binding motif 3 (RBM3)
disrupted CD44 alternative splicing, thereby influencing
the stem-like characteristics of PCa. Methyltransferase 3
increased the methylation of N6-methyladenosine on catenin
p1 mRNA, as induced by RBM3 (35). Furthermore, the
expression of regucalcin impeded the migration and invasion
of human PCa cells in vitro. It also resulted in reduced levels
of Ras, Akt, MAPK, ribosomal S6 kinase 2, mTOR, caveolin-1
and integrin (31, which are crucial proteins for metastasis (36).
Yamaguchi et al (37) reported that the excessive expression of
regucalcin could hinder the generation of TNF-a. TNF-a may
be an important mediator in the interaction between tumor
cells and bone cells. The excessive expression of regucalcin
had the ability to impede the movement, infiltration and spread
of human PCa cells to the bones. The findings of this research
offer a novel approach for the treatment of PCa-induced bone
metastasis by focusing on regucalcin. Sirtuin 5 (SIRTS) is an
NAD(+)-dependent deacylase that is considered a key regu-
lator of multiple cancer types such as gastric cancer, colorectal
cancer and clear cell renal cell carcinoma (38). The suppres-
sion of the PI3K/AKT/NK-kB pathway by SIRTS has been
observed to decrease when PCa metastasizes from the bone to
other tissues (59). Furthermore, Siddiqui et al (60) investigated
the role of growth differentiation factor-15 (GDF15) in the bone
metastasis of advanced-stage PCa. Using preclinical mouse
models and in vitro coculture systems, the study demonstrated
that PCa-secreted GDF15 not only promoted bone metastases
but also induced structural changes in the bone microenviron-
ment. Mechanistically, GDF15 enhances osteoblast function
and drives osteoclastogenesis by upregulating CCL2 and
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RANKL, thereby facilitating PCa growth in the bone. These
findings underscore the critical influence of GDF15 on the
bone microenvironment and its contribution to PCa bone
metastasis.

3. Non-coding RNAs associated with bone metastases of
PCa

Approximately 98% of the human genome is considered to
be transcribed into non-coding RNAs, which serve a crucial
role in regulating gene expression at the epigenetic, transcrip-
tional and post-transcriptional stages (61). The significance of
non-coding RNAs in cancer is slowly being comprehended
and has emerged as a crucial field of research focus. According
to their size, they are mainly divided into miRNAs, long
non-coding RNAs (IncRNAs) and circular RNAs. miRNAs,
which are small RNA molecules that are 19-25 nucleotides
long, control gene expression by blocking the translation of
mRNA (62). Approximately 30% of the protein-coding genes
within the human genome undergo regulation through the
inherent expression of miRNAs. Therefore, the significance
of miRNAs lies in their role in regulating cellular pathways
linked to the development and advancement of PCa-induced
bone metastasis (25) (Fig. 2). IncRNAs, which are longer
than 200 nucleotides, serve a role in numerous biological
processes such as enlisting transcriptional regulators, inter-
acting with chromatin, controlling proteins and regulating
epigenetics (63). They can also prevent targeted mRNA degra-
dation by absorbing miRNAs as sponges in PCa (64) (Fig. 2).
Exosomes consist of a range of diminutive compounds, such as
non-coding RNAs, that are considered to have a strong asso-
ciation with the spread of PCa to the bones (65). In summary,
non-coding RNAs have emerged as a subject of investigation,
with multiple studies now indicating their involvement in
PCa-induced bone metastasis (26,66-68) (Tables II and III).

miRNAs. Over the past decade, research has revealed that
miRNAs serve a crucial role in the regulation of tumor
progression and metastases. Research has additionally veri-
fied that miRNAs also control the progression of PCa-induced
bone metastasis (66). Exosomes derived from PCa have been
demonstrated to enhance events associated with metastasis,
including the differentiation and proliferation of osteoblasts
and osteoclasts. Dysregulated miRNA expression in PCa can
potentially cause irregular bone restructuring and facilitate
tumor growth (66). Research has verified that miR-375 (67),
miR-1-3p/143-3p/145-5p (69), miR-409-3p/-5p (70),
miR-210-3p (71), miR-141-3p (72), miR-532-3p (73) and addi-
tional factors contribute to the advancement of PCa-induced
bone metastasis through epigenetic regulatory mechanisms
(Table IT). These miRNAs can promote or inhibit PCa-induced
bone metastasis by acting on downstream target genes and
finally regulating the signaling pathway of PCa-induced bone
metastasis (Fig. 2).

The mechanism of action of the aforementioned miRNAs
was studied. miR-375 directly targets disco interacting protein
2 homolog C and upregulates the Wnt signaling pathway, thus
promoting the differentiation of human mesenchymal stem
cells into osteoblasts. Furthermore, miR-375 facilitated the
in vitro proliferation, invasion and migration of PCa cells,
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while also promoting tumor advancement and osteogenic
metastasis in vivo (67). Experimental evidence has revealed
that miR-1-3p/143-3p/145-5p enhanced the in vitro prolifera-
tion and migration of PCa. Interaction with 3-catenin enabled
LIM and SH3 protein 1 to serve as a shared target for these
three miRNAs, potentially triggering the activation of the
Wnt signaling pathway (69). Josson et al (70) confirmed the
increased expression of miR-409-3p/-5p in bone metastatic
PCa cell lines and PCa tissues of men with a high Gleason
score. Elevated levels of miR-409-3p expression were associ-
ated with poor progression-free survival in patients with PCa.
The research indicated that miR-409-3p/-5p serves a role
in the biology of PCa by facilitating the growth of tumors,
promoting EMT and causing bone metastases. PCa-induced
bone metastasis is a well-known consequence of the constant
activation of TGF-p signaling (70). Protein interacting with
protein kinase C a (PRKCA) 1 (PICK1), the protein that
interacts with PRKCAL, serves a crucial role in inhibiting the
TGF-p pathway (70). Dai et al (71) confirmed that the exces-
sive expression of miR-210-3p resulted in the reduction of
PICK1 in PCa tissues that had spread to the bones. In vitro,
exosomes facilitated the transfer of miR-141-3p to osteoblasts,
subsequently enhancing osteoblast activity. Additionally, the
protein level of target gene DLC1 Rho GTPase activating
protein is suppressed by miR-141-3p, which serves a crucial role
in the activation of the p38/MAPK pathway (71). Controlling
the microenvironment of bone metastases is crucial for the
development of bone metastases and osteogenic damage in
PCa (72).

miR-210-3p is a widely studied cancer-causing miRNA that
is linked to different aspects of cancer development, advance-
ment and spread (74,75). A study revealed that miR-210-3p
expression was higher in PCa tissues with bone metastases
compared with those without bone metastases. In patients
with PCa, there was a positive association between high
expression levels of miR-210-3p and serum prostate-specific
antigen (PSA) levels, Gleason grade and the presence of bone
metastases. In vitro, enhancement of the EMT, invasion and
migration of PCa cells was observed with the upregulation of
miR-210-3p, whereas the inhibition of invasion and migration
of PCa cells was observed with the silencing of miR-210-3p.
The findings additionally indicated that miR-210-3p sustained
continuous activation of NF-«xB signaling in PCa cells (74).
This is achieved by targeting TNFAIP3 interacting protein
1 and suppressor of cytokine signaling 1, which are negative
regulators of NF-«xB signaling, resulting in EMT, invasion,
migration and bone metastases (74). Furthermore, miR-532-3p
is a miRNA that serves a role in numerous aspects of cancer
onset and spread (76). Overexpression of miR-532-3p inhibits
activation of NF-kB signaling by simultaneously targeting
tumor necrosis factor receptor-associated factor 1 (TRAF1),
TRAF2 and TRAF4, thereby enhancing the invasion, migra-
tion and bone metastases of PCa cells (73). The results hold
significance in diagnosing and treating bone metastases in
the prostate, and miRNAs appear to be a promising focus for
therapeutic intervention in PCa-induced bone metastasis.

In addition, some miRNAs have been found to serve an
inhibitory role in regulating bone metastases of PCa. It has
been confirmed that miR-145-5p (77), miR-1 (78), miR-335,
miR-543 (79), miR-466 (80), miR-141-3p (81), miR-133b (82),
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miR-582-3p, miR-582-5p (83) and miR-204-5p (84) inhibited
PCa-induced bone metastasis as epigenetic regulatory mecha-
nisms (Fig. 2). The specific regulatory mechanism has also
been deeply studied.

Research has revealed that miR-145-5p has the ability to
suppress the growth, movement and infiltration of PCa-induced
bone metastasis. In PC3 cells, miR-145-5p suppressed the
expression of basic fibroblast growth factor, insulin-like growth
factor and TGF-f. The expression of E-cadherin, an epithelial
marker, was enhanced by miR-145-5p, while the expression
of MMP-2 and MMP-9 was reduced. miRNA-145-5p medi-
ated EMT and induced apoptosis. miR-145-5p negatively
regulated EMT, inhibited PCa-induced bone metastasis, and
promoted apoptosis of PCa-induced bone metastasis cells (77).
Conversely, Guo et al (69) identified its association with the
regulation of LASP1, suggesting a context-dependent role that
may facilitate bone metastasis in certain scenarios. These find-
ings underscore the complex interactions of microRNA-145-5p
in prostate cancer, highlighting its potential as a target for both
diagnostic and therapeutic strategies in managing bone meta-
static disease. miR-466 plays a significant role in inhibiting
bone metastasis of PCa by directly regulating the osteogenic
transcription factor RUNX2 (80). Research indicates that
miR-466 targets RUNX2, leading to a downregulation of its
expression, which subsequently impairs osteoblastic activity

and tumor growth in the bone microenvironment. This
regulatory mechanism contributes to the suppression of meta-
static spread by altering key pathways associated with bone
remodeling and cancer cell interactions with bone tissue (80).
Therefore, miR-466 represents a potential therapeutic target
for preventing bone metastasis in prostate cancer, providing
insights into novel treatment approaches.

Huang et al (82) reported that low miR-133b expression was
associated with the occurrence, progression and recurrence of
PCa. By directly targeting TGF-f receptors I and 11, miR-133b
hindered the function of TGF-f signaling, consequently
suppressing the bone metastases of PCa cells. Similarly,
bone metastatic PCa tissues and cells exhibited decreased
miR-19a-3p expression. Increased miR-19a-3p expression
suppressed the in vitro invasion and migration of PCa cells,
as well as the development of bone metastases in vivo. By
contrast, silencing of miR-19a-3p had the opposite effect. The
findings additionally showed that miR-19a-3p suppressed the
ability of PCa cells to invade and migrate by targeting the
downstream effectors SMAD2 and SMAD4 of the TGF-f
pathway, leading to the deactivation of TGF-p signaling (85).
Therefore, the results revealed a novel mechanism for the
suppressive impact of miR-19a-3p on PCa-induced bone
metastasis, thereby aiding the advancement of potent treat-
ments for PCa. Furthermore, there was a notable association
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(Refs.)
(84)
(85)

Phenotype
Invasion and migration of PCa cells are inhibited

Inhibits PCa cell invasion, migration and bone

metastases

Regulation mechanism
miR-204-5p inhibits NF-kB signaling by
targeting TRAF1, TAB3 and MAP3K3
miR-19a-3p causes TGF-f3 signaling
inactivation by targeting SMAD2 and SMAD4

Prognosis of patients
with aberrantly expressed
Good
Good

miRNAS in tumor tissues

miRNAs
miR-204-5p
miR-19a-3p

protein 1; miRNA/miR, microRNA; PCa, prostate cancer; PICK1, protein interacting with PRKCA 1; RUNX2, RUNX family transcription factor 2; SOCS1, suppressor of cytokine signaling 1; TAB3,

TGF-p activated kinase 1 (MAP3K7) binding protein 3; TGFBR, TGF-f3 receptor; TNIP1, TNFAIP3 interacting protein 1; TRAF, tumor necrosis factor receptor-associated factor; TWIST1, twist family

bHLH transcription factor 1.

DIP2C, disco interacting protein 2 homolog C; DLC1, DLC1 Rho GTPase activating protein; EMT, epithelial-mesenchymal transformation; eNOS, endothelial nitric oxide synthase; LASP1, LIM and SH3

Table II. Continued.
First author/s, year
Wa et al, 2019

Wa et al, 2018

between decreased levels of miR-582-3p and miR-582-5p and
more advanced clinicopathological characteristics, as well as
a shorter duration of bone metastases-free survival in patients
with PCa. In vitro, the invasion and migration of PCa cells were
suppressed by the increased expression of miR-582-3p and
miR-582-5p, which also hindered bone metastases in vivo. The
findings indicated that miR-582-3p and miR-582-5p reduced
the severity of PCa-induced bone metastasis by suppressing
the TGF-f3 pathway. The authors achieved this by targeting
multiple elements of TGF-f signaling, such as SMAD2,
SMADA4, TGF-f receptor I (TGFBRI) and TGFBRII (83).

Multiple cancer types, including breast cancer, osteo-
sarcoma and gastric cancer, have been found to involve
the participation of miR-204-5p in their development and
spread, where miR-204-5p functions as a tumor suppressor
by targeting specific oncogenes (86-88). Wa et al (84) found
that miR-204-5p expression was decreased in PCa tissues
and serum samples with bone metastases compared with
those without bone metastases, which was related to the late
clinicopathological features of patients with PCa and the poor
survival rate without bone metastases. Furthermore, under
laboratory conditions, the increase in miR-204-5p expression
hindered the movement and infiltration of PCa cells. Notably,
the enhancement of miR-204-5p expression suppressed the
spread of PCa cells to the bones when tested in vivo. The
findings additionally indicated that miR-204-5p hindered
the infiltration, movement and bone spread of PCa cells by
targeting TRAF1, TGF-§ activated kinase 1 (MAP3K7)
binding protein 3 and MAP3K3, deactivating the NF-kB
pathway. The research revealed a novel functional role of
miR-204-5p in the spread of PCa to the bones and highlighted
the possible significance of miR-204-5p as a serum biomarker
for diagnosing PCa-induced bone metastasis. Furthermore,
miR-141-3p has been extensively studied as a miRNA in cancer,
and the decrease in miR-141-3p levels has been extensively
documented to serve a role in the advancement and spread of
various types of human cancer, including colorectal cancer
and renal cell carcinoma (89,90). Huang et al (81) found that
miR-141-3p expression was decreased in bone metastatic PCa
tissues compared with non-bone metastatic PCa tissues. There
was a positive association between the reduced expression of
miR-141-3p and the serum PSA level, Gleason grade, and bone
metastases status in patients with PCa. Furthermore, overex-
pression of miR-141-3p suppressed the process of EMT, as well
as the invasion and migration of PCa cells in experimental
settings. An in vivo reduction of bone metastases in PC-3
cells was observed with the upregulation of miR-141-3p. By
directly targeting TRAF5 and TRAF6, miR-141-3p hindered
the activation of NF-«kB signaling, consequently suppressing
the invasion, migration and bone metastases of PCa cells.

IncRNAs. IncRNAs serve as crucial controllers of gene
expression and contribute to the initiation and progression of
tumors (91). Mounting evidence suggests that IncRNAs serve
a role in the progression of PCa-induced bone metastasis.
Due to its special growth environment and biomechanical
properties, bone has become the preferred growth site of
PCa (92-98). Identifying novel molecular entities that could
potentially function as an initial indicator of the metastasis
procedure may provide an opportunity to establish innovative
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and improved therapies and diagnostics. Research has estab-
lished that PCAT6 (26), NAP1L6 (68), TMPO-AS1 (L) (92),
SNHG3 (93), HOXA11-AS (94), PCAT7 (95), kenql10t1 (96),
NORAD (97), NEAT1 (98) and other similar IncRNAs
contribute to the spread of PCa to the bones (Table I1T). These
IncRNAs regulate the signaling pathway of PCa-induced
bone metastasis by acting on downstream target genes, thus
promoting PCa-induced bone metastasis (Fig. 2).

Lang et al (26) reported that PCAT6 expression was
increased in PCa tissues that had spread to the bones, and a
high level of PCAT6 expression was indicative of a poor prog-
nosis for patients with PCa. In vitro, functional experiments
demonstrated inhibition of invasion, migration and prolifera-
tion of PCa cells, along with suppression of bone metastases
and tumor growth in vivo, following knockdown of PCAT6.
PCATO6 promoted the bone metastases of PCa by upregulating
the expression of insulin like growth factor 1 receptor (IGFIR)
through the insulin like growth factor 2 mRNA binding protein
2/IGFIR RNA-protein three-dimensional complex, which
enhanced the stability of IGFIR mRNA. PCAT6 shows poten-
tial as an indicator and a focus for addressing PCa-induced
bone metastasis. Zheng et al (68) detected the expression of
NAPIL6 in PCa cells by reverse transcription-quantitative
PCR, and found that NAP1L6 was upregulated in PCa
cells. Cell migration, invasion and EMT were found to be
suppressed by the silencing of NAPIL6 in functional experi-
ments, whereas the overexpression of NAP1L6 enhanced
cell migration, invasion and EMT. The study also employed
co-immunoprecipitation, luciferase reporter gene assays and
RNA immunoprecipitation to determine the potential regula-
tory mechanism of NAP1L6. The interaction between NAP1L6
and YY1 transcription factor enhanced the transcription of
MMP2 and MMPD9, thereby activating the MMP signaling
pathway. In summary, NAP1L6 functions as a cancer-causing
gene in PCa, indicating that targeting NAPIL6 could be a
promising approach for the treatment of PCa. Wang et al (92)
revealed that the levels of long transcript of TMPO-AS1 were
increased in PCa tissues with bone metastases. Furthermore,
upregulation of TMPO-ASI1 (L) was associated with advanced
clinicopathological features and reduced bone metastasis-free
survival in patients with PCa. The mechanism assays of
the study demonstrated that TMPO-AS1 (L) could act as a
framework to boost the connection between casein kinase
2al and DEAD-box helicase, leading to the activation of
the Wnt/B-catenin signaling pathway. Consequently, this
activation promotes myelodysplasia in PCa. TMPO-ASI (L)
has been recognized as a potential prognostic indicator and
therapeutic target for PCa-induced bone metastasis.

PCa-induced bone metastasis is closely related to tumor
death (13). The involvement of SNHG3, a IncRNA host gene,
has been linked to the onset and progression of various
types of human malignancies, including breast cancer (99),
osteosarcoma (100) and gastric cancer (101). Higher expres-
sion of SNHG3 was observed in PCa tissues with positive
bone metastases compared with PCa tissues with negative
bone metastases and adjacent normal tissues. Patients with
PCa who exhibited high levels of SNHG3 were likely to
have advanced clinicopathological characteristics and a poor
prognosis. Simultaneously, suppressing SNHG3 hindered the
growth, movement and infiltration of PCa cells, and impeded

the spread of PCa cells to the bones. Functionally, SNHG3
boosted TGFBR1 expression and triggered the TGF-f3
signaling pathway through targeting of miR-214-3p. These
findings indicated that SNHG3 could potentially serve as a
biomarker and a promising target for therapeutic interven-
tions in PCa (93). Similarly, Misawa et al (94) reported that
the overexpression of IncRNA HOXAT11-AS facilitated the
invasion and proliferation of PC3 PCa cells. HOXA11-AS
regulated the bone metastases-associated C-C motif chemo-
kine ligand 2 (CCL2)/C-C motif chemokine receptor 2 (CCR2)
signaling pathway in PC3 PCa cells and SaOS2 osteoblasts.
In both autocrine and paracrine manners, HOXA11-AS
facilitated the metastases of PCa by controlling the cytokine
CCL2/CCR2 and integrin signaling pathways. Through the
examination of a dataset from The Cancer Genome Atlas, it
was revealed that PCAT7 is a IncRNA linked to bone metas-
tases (95). Additionally, PCAT7 expression was elevated in
bone metastases of primary PCa, which was associated with
the condition of bone metastases and unfavorable prognosis
among patients with PCa. Mechanistically, PCAT7 activates
TGF-B/SMAD signaling by upregulating TGFBR1 expression
by sponging miR-324-5p, thereby promoting PCa-induced
bone metastasis. The findings of the study suggested that
targeting PCAT7 could be a promising approach to treat
PCa-induced bone metastasis by interfering with the func-
tional interaction between PCAT7 and the TGF-f signaling
pathway. Hao et al (96) revealed that IncRNA KCNQIOT]I
expression was increased in both PCa tissues and cells.
Inhibiting the expression could suppress the invasion, growth
and spread of PCa cells. miR-211-5p competitively bound to
KCNQIOT]1, and the CHI3L1 3'-untranslated region is the
target of miR-211-5p. IncRNA KCNQIOT]1, as a competing
endogenous RNA, upregulated CHI3L1 and promoted
PCa progression by competitively binding to miR-211-5p.
Hu et al (97) reported that NORAD was expressed highly
in PCa tissues and cell lines, especially in bone metastases.
Knockdown of the NORAD gene led to a decrease in the
secretion and uptake of extracellular vesicles (EVs), as well as
the inhibition of PCa cell growth, movement and spread to the
bones. The study demonstrated that NORAD interacted with
miR-541-3p, resulting in upregulation of PKM2. The transfer
of PKH67-labeled EVs to bone marrow stromal cells was
enhanced by the enforced expression of PKM2. NORAD can
function as a competing endogenous RNA for miR-541-3p,
enhancing PKM?2 expression and consequently facilitating
the progression of PCa-induced bone metastasis. This
mechanism promotes the internalization and metastases of
cancer cell-derived EVs, offering a novel perspective for the
management of this condition. Mo ef al (98) reported that PCa
cells released exosomes that contained a type of RNA called
NEATI. The authors also found that NEAT1 had an impact
on the process of osteogenic differentiation in human bone
marrow-derived mesenchymal stem cells (hBMSCs) within
the context of PCa. The NEAT1 molecule is transported
into hBMSCs through exosomes derived from PCa cells. In
both in vivo and in vitro settings, NEAT1 enhances RUNX?2
expression by competitively interacting with miR-205-5p,
and it also controls splicing factor proline and glutamine
rich/polypyrimidine tract binding protein 2 to promote the
osteogenic differentiation of hBMSCs.
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4. Utilization of targeted diagnosis in bone metastases of
PCa

Advances in molecular-targeted modular design for in vivo
imaging applications have made it possible to study deep
molecular interactions noninvasively and dynamically. PSMA
PET/CT, a technology that specifically targets PSMA, has been
increasingly utilized for the diagnosis of PCa and has shown
promising therapeutic outcomes (102,103). Additionally, PSMA
PET/CT exhibits notable benefits in detecting PCa-induced
bone metastasis (104). Currently, bone scanning (BS) is the
predominant technique employed for the early evaluation
of PCa-induced bone metastasis (105), and is an imaging
method that exhibits high sensitivity but low specificity (106).
Extensive studies have been conducted to investigate the
efficacy of 68Ga-PSMA PET/CT in identifying cancerous
bone lesions and to determine its superiority over current
bone imaging techniques (107-109). Furthermore, a study
has revealed a higher diagnostic accuracy of PSMA-PET/CT
in detecting PCa-induced bone metastasis compared with
BS (110). Similarly, Pyka et al (19) compared the diagnostic
efficacy of 68Ga-PSMA PET and (99m) Tc bone imaging for
PCa-induced bone metastasis. In this retrospective analysis,
the diagnostic efficacy of these approaches was evaluated
in 126 individuals diagnosed with PCa. The findings of the
study indicated that Ga-PSMA PET outperformed planar
BS in identifying the affected bone region and assessing
the overall bone participation in patients with PCa. In addi-
tion, a systematic analysis was conducted to investigate the
diagnostic significance of 68Ga-PSMA PET/CT in detecting
PCa-induced bone metastasis (111). An analysis of 37 research
papers revealed that 68Ga-PSMA PET/CT revealed a greater
number of lesions compared with bone imaging. Specifically,
the diagnostic effectiveness for metastatic CRPC (mCRPC)
was enhanced compared with bone imaging. The findings
suggest that the use of 68Ga-PSMA PET/CT holds great
potential in the detection of PCa.

Dynamic interactions among metastatic cancer cells, the
cellular components of the bone marrow microenvironment
(osteoblasts, osteoclasts and osteocytes) and bone stroma
regulate the process of bone metastases (112). In the past few
years, there has been a focus on the identification of EVs and
their various functions in the regulation of PCa metastasis.
Multiple research studies have demonstrated that interactions
facilitated by EVs between cancer cells and the microenvi-
ronment of the bone effectively enhanced pathological bone
metabolism at sites where metastasis occurs (113,114). miRNAs
transmitted through EVs in the serum of patients were identi-
fied as a marker for PCa-induced bone metastasis (115).
Wang et al (115) identified four prospective EV-delivered
miRNAs, including miR-181a-5p, using miRNA deep
sequencing and a miRNA microarray, and their expression in
the bone metastases group was significantly higher than that in
the non-bone metastases group (P<0.05). The diagnostic asso-
ciation between candidate miR-181a-5p and bone metastases
was evaluated by logistic regression analysis, and the results
showed that miR-181a-5p was associated with bone metastases
of PCa. miR-181a-5p expressed by EVs is expected to be a
diagnostic marker for bone metastases of PCa. Additionally,
it has been identified that PCa exosomes are key mediators in
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regulating bone homeostasis, leading to osteoclastic lesions,
and thus, promoting bone tumor growth (116). miR-92a-1-5p
downregulates type I collagen expression by directly targeting
COLI1A1, which leads to the promotion of osteoclast differ-
entiation and the inhibition of osteoblast generation (116).
Wang et al (117) reported that EVs derived from tumors, which
contained miR-378a-3p, had an impact on the spread of PCa
to the bones. These EVs triggered the progression of bone
destruction by activating the dual specificity tyrosine phos-
phorylation regulated kinase 1A/nuclear factor of activated
T cells 1/angiopoietin like 2 pathway in bone marrow macro-
phages. Therefore, miR-378a-3p holds promise as a potential
indicator for the spread of PCa. Treating PCa metastasis could
potentially involve strategies such as decreasing the secretion
of EVs containing miR-378a-3p or impeding the incorporation
of miR-378a-3p into EVs. In addition, Zeng et al (118) first
revealed that miR-18a-5p was upregulated within the bone
microenvironment of individuals with bone metastases caused
by PCa. Additional research revealed that miR-18a-5p was
transmitted to osteoblasts through exosomes derived from
PCa cells. Subsequently, it specifically affected the Histlh2bc
gene, leading to an increase in Ctnnbl expression in the
Whnt/p-catenin signaling pathway. Therefore, miR-18a-5p
derived from exosomes may serve as a diagnostic indicator for
bone metastases of PCa (118).

5. Utilization of targeted therapy in bone metastases of
PCa

More than half of the patients with advanced PCa will develop
bone metastases, and current treatment options are only aimed
at the control of clinical symptoms, rather than a fundamental
cure (119). Currently, the primary focus of clinical diagnosis
and treatment is the development of novel targeted medications
and the mitigation of bone-related occurrences, considering the
difficulties encountered in managing PCa-induced bone metas-
tasis (Table IV) (120). These mechanism studies indicate that
PCa cells and bone tissue-related molecules are expected to be
novel targets for anti-PCa-induced bone metastasis (121-123).
Research has indicated that denosumab has the ability to
decrease bone frailty and postpone the advancement of bone
metastases in the prostate (124). Promising outcomes have also
been observed in clinical trials for bone metastatic PCa when
examining tyrosine kinase inhibitors such as cabozantinib
(NCT01522443) (125) and dasatinib (NCT00918385) (126).
Furthermore, atlacetam, a blocker of endothelin-A receptor,
has been identified to decrease PSA levels and the occurrence
of bone pain in individuals with metastasis (127). Therefore,
targeted therapy of bone metastases of PCa has great potential.

In the past few years, choosing targeted therapy according to
the tumor metastasis mechanism has emerged as a novel option
in the realm of tumor treatment. This approach not only offers
effective tumor eradication but also minimally affects normal
cells (128). Genetic testing of patients with PCa with bone
metastases is critical to find appropriate targeted therapies based
on the specific molecular characteristics of each patient (129).
The successful response to anti-programmed cell death protein
1 (PD-1) antibody therapy in certain patients with PCa is
largely attributed to underlying characteristics such as defective
mismatch repair mechanisms and the presence of microsatellite
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instability (130). However, a study confirmed that the CDK12
mutant cell line also showed a good response against PD-1
treatment (131). Individuals diagnosed with mCRPC exhibit
resistance to androgen receptor (AR) inhibitors and androgen
synthesis inhibitors, rendering them suitable candidates for
targeted therapy involving poly ADP-ribose polymerase (PARP)
inhibitors (132). Studies have shown that the PARP inhibitors
used are olaparib or lucaparib, which are particularly effective
in PCa cases associated with BRCA1/2 mutations and homolo-
gous recombination deficiencies (132,133). PARP inhibitor has
shown effectiveness in treating cancer cells with homologous
recombination defects that can be affected by alterations in base
excision repair pathways (134).

Because of its specific expression in PCa, PSMA is not
only an important diagnostic tool for bone metastases of
PCa, but also a therapeutic target for patients with metastatic
PCa (135,136). Numerous studies have focused on PSMA anti-
body-drug conjugates and PSMA-targeted chimeric antigen
receptor therapy as potential treatments for CRPC (137,138).
Lutetium-177-PSMA has emerged as a valuable treatment
for mCRPC. Recent studies have demonstrated its ability to
selectively target PSMA expressed on mCRPC cells, deliv-
ering targeted radiotherapy that effectively reduces the tumor
burden (139,140). In clinical trials, Lutetium-177-PSMA has
shown promising efficacy, leading to improvements in overall
survival and quality of life of patients with mCRPC (141,142).
This targeted approach not only enhances treatment outcomes
but also minimizes damage to surrounding healthy tissue,
marking an advancement in mCRPC therapy. PSMA BiTE,
a builder of bispecific antibodies targeting CD3 and PSMA,
redirects and activates T cells towards PSM A-expressing cells.
This treatment has also been utilized for other malignancies,
such as kidney cancer and melanoma, showing promising
outcomes in these tumors as well as in PCa (143). Clinical
trials are currently evaluating three additional participants in
bispecific T cell therapy, namely glypican-1, disintegrin and
metalloproteinase 17, and prostatic six transmembrane epithe-
lial antigen 1 (144,145). Blocking the interactions between
MDM2 and p53 to activate tumor suppressors is a promising
target for mCRPC due to the role of TP53 inactivation in
second-generation anti-androgen resistance and neuroendo-
crine differentiation (146). Idasanutlin is currently undergoing
several clinical trials. It targets cell lines altered by p53, which,
in the case of PCa, along with alterations in RB transcrip-
tional corepressor 1, leads to castration-resistant, aggressive
tumors with a poor prognosis (147). Future investigations
should examine the effectiveness of idasanutlin in various
hematological malignancies, analyzing the tumor response,
biomarkers for treatment efficacy and potential resistance
mechanisms. This research is vital for informing upcoming
clinical trials and optimizing therapeutic strategies for patients
with hematological malignancies and PCa.

Due to the significance of AKT in the PI3K pathway,
the effectiveness of PI3K inhibitors in treating PCa-induced
bone metastasis has been limited, resulting in only a
partial response observed in the initial clinical trial (148).
ATP-competitive inhibitors such as ipatasertib or capivasertib
(NCT04404140 and NCTO04087174), as well as allosteric
inhibitors such as perifosine or MK-2206 (NCT00060437
and NCT00058214), are among the AKT inhibitors currently
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being tested in clinical trials. In a phase 2 trial, ipatasertib
showed some degree of prolongation of the progression-free
interval (NCT03072238) (149). An ongoing clinical trial is
currently investigating the use of docetaxel and capivasertib
in combination (NCT05348577). Radiology confirmed that
the combination of ipavasertib and abiraterone improved
progression-free survival (149). However, several studies are
needed before it can be incorporated into clinical practice as a
treatment option for PCa.

Targeted therapies have shown promise in the treatment of
mCRPC, particularly in reducing bone metastases. A pivotal
study by Fizazi er al (150) compared denosumab with zole-
dronic acid for managing bone metastases in men with CRPC.
The findings revealed that denosumab delayed skeletal-related
events, highlighting its effectiveness in preventing complica-
tions associated with bone metastases. Furthermore, recent
trials, such as the one led by Shenderov et al (151), which
explored the combination of nivolumab and ipilimumab
with enzalutamide in patients expressing AR-variant 7, have
demonstrated moderate activity. These results underscore
the capability of targeted therapies to modulate the immune
response and directly affect cancer progression in the bone
microenvironment.

Further advancements have been made with combination
therapies, demonstrating the feasibility and clinical potential
of integrating immune checkpoint inhibitors such as pembroli-
zumab with traditional AR inhibitors. Graff e al (152) reported
that the combination not only improved treatment outcomes
but also presented a manageable safety profile in patients
previously progressing on enzalutamide alone. Additionally,
the work of McNeel er al (153) on T-cell activation using
MVI-816 alongside pembrolizumab provided evidence for
the role of targeted immunotherapy in enhancing antitumor
responses. Overall, these clinical studies collectively reflect
the effectiveness and safety of targeted therapies in managing
bone metastases in mCRPC, paving the way for innovative
treatment strategies that could ultimately improve the survival
and quality of life of patients.

Furthermore, AR inhibitors remain a cornerstone in the
treatment of mCRPC, particularly in cases involving bone
metastases (154). Clinical studies, such as the results from the
SPARTAN and PROSPER trials, have demonstrated that AR
inhibitors, including apalutamide and enzalutamide, improve
overall survival and delay disease progression in patients with
mCRPC (155). These agents block the AR signaling pathway,
which is crucial for the growth and survival of PCa cells, even
in castration-resistant settings (156). Furthermore, investiga-
tions have shown that combining AR inhibitors with other
therapies, such as radiopharmaceuticals and immunotherapy,
may enhance treatment efficacy, further bolstering their role
in managing mCRPC with bone metastases (152,157). As a
result, AR inhibitors continue to be integral to both first-line
and subsequent treatment strategies, promoting improved
outcomes and extending survival of patients with this
aggressive disease.

6. Discussion

Most patients with advanced PCa inevitably face the develop-
ment of bone metastases. Conventional treatments for patients
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with PCa-induced bone metastasis have limited efficacy (158).
Gaining knowledge regarding the molecular process of
PCa-induced bone metastasis is beneficial for the advancement of
novel targeted approaches for the diagnosis and treatment of this
disease. Research has indicated that numerous protein-coding
genes (TSPANIS, IFITM3, Fnl4, FZD8, TBX2 and MAZ)
and non-coding RNAs [miR-375, miR-1-3p/143-3p/145-5p,
miR-409-3p/-5p, miR-210-3p, miR-141-3p, miR-532-3p, PCAT®6,
NAPI1L6, TMPO-AS1(L), SNHG3, HOXA11-AS, PCAT7,
kenql0tl, NORAD and NEAT 1] serve crucial roles in controlling
the advancement of PCa-induced bone metastasis (23,24,26,28,
32-34,67-73,92-98). These molecules control various substances
and ultimately contribute to the progression of tumors through
well-known tumor pathways, such as the Wnt/B-catenin (32),
TGF-f (24), NF-«xB (28) and kRas (34) pathways.

Research has indicated that protein-coding genes serve
roles in the physiological mechanism of PCa-induced bone
metastasis. Among them, TSPANIS (23), IFITM3 (24),
FN14 (28), FZD8 (32), TBX2 (33) and MAZ (34) directly
promote PCa-induced bone metastasis through related molec-
ular pathways. PCa-derived RAGE (30), spondin 2 (45) and
FBX022 (46) are involved in the interaction with bone tissue
to promote the differentiation and osteogenic injury of PCa
cells. In addition, the adhesion of PCa metastasis to bone is
accomplished by RANKL (47), PSCA (50), DDR2 (51), Bl inte-
grin (54) and WISP-1 (56) molecules. PCa cells are regulated
by the bone microenvironment after colonizing bone tissue,
and the molecules involved in this mechanism mainly include
GDF15 (60), RBM3 (35), regucalcin (37) and SIRTS (38).

Exosomes derived from PCa have been demonstrated
to enhance metastasis-associated processes, including the
differentiation and proliferation of osteoblasts and osteo-
clasts (66). Exosomes contain a large number of miRNAs,
and abnormal expression of miRNAs leads to abnormal bone
remodeling in PCa. Studies have confirmed that miR-375 (67),
miR-1-3p/143-3p/145-5p (69), miR-409-3p/-5p (70),
miR-210-3p (71), miR-141-3p (74), miR-532-3p (73) and
others promote PCa-induced bone metastasis as epigenetic
regulatory mechanisms. In addition, studies have found that
IncRNAs are involved in the bone metastases process of
PCa. Studies have confirmed that PCAT6 (26), NAP1L6 (68),
TMPO-AS1 (L) (92), SNHG3 (93), HOXA11-AS (94),
PCAT7 (95), KCNQI1OT1 (96), NORAD (97) and NEAT1 (98)
exert crucial roles in the bone metastases of PCa.

Currently, the utilization of PSMA PET/CT technology
for the detection of PCa has been progressively implemented
and has shown promising therapeutic outcomes. Furthermore,
PSMA PET/CT offers enhanced sensitivity and specificity
in detecting bone metastases in patients with PCa, enabling
improved staging, personalized treatment planning and
improved monitoring of disease progression (104). In the
face of the challenges in the treatment of PCa-induced bone
metastasis, the development of novel targeted drugs and the
reduction of bone-related events are currently the focus of
clinical diagnosis and treatment (120). A study has indicated
that PCa cells and bone tissue-related molecules have the
potential to be novel targets for the prevention of PCa-related
bone metastasis (159). Additionally, clinical trials have
confirmed that dinomumab has the ability to decrease bone
brittleness and delay the advancement of bone metastases in

patients with PCa (124,160). Promising outcomes for patients
with bone-metastatic PCa have also been reported in a clinical
trial that examined tyrosine kinase inhibitors, such as cabo-
zantinib and dasatinib (127). Therefore, targeted therapy of
PCa-related bone metastases has great potential. More basic
research is needed to confirm that the identified targets have
specific effects on PCa-related bone metastases. The phenom-
enon of the same target acting on PCa-related bone metastases
through different signaling pathways also exists (42,43,60,61),
which poses a challenge for targeted therapy. Additionally,
the effectiveness and potential adverse reactions of utilizing
these targets for the treatment of PCa-induced bone metastasis
require validation in additional clinical trials.

Furthermore, the development of resistance to AR inhibi-
tors in metastatic PCa poses a challenge in treatment efficacy.
Mechanisms such as AR mutations, alternative splicing and
activation of bypass signaling pathways contribute to this
resistance, rendering standard therapies less effective (161).
Additionally, the tumor microenvironment in the bone can
facilitate adaptive changes that promote survival and prolif-
eration of cancer cells despite AR inhibition (44). To overcome
these hurdles, novel therapeutic strategies could involve
combination therapies targeting not only the AR but also
the accompanying signaling pathways and the unique bone
microenvironment. These innovative approaches may enhance
treatment responses and improve patient outcomes.

In the context of PCa bone metastasis treatment, stem
cells offer innovative therapeutic avenues beyond bone
differentiation. For instance, targeting the stem cell niche
microenvironment could enhance therapeutic strategies, as
shown by a study indicating that manipulating this niche can
potentially reverse aging-associated changes and improve
regenerative outcomes (162). Additionally, the investigation of
CD33* leukemic stem cells highlights the potential for targeted
therapies in PCa. Their modulation may provide insights into
overcoming resistance mechanisms that hinder current treat-
ment modalities (163). Additionally, insights from cardiac
c-Kit" progenitor cells have elucidated that stem cell signaling
pathways, such as the PI3K and MAPK pathways, serve
critical roles in cellular regeneration and may be leveraged to
develop novel treatments for PCa (164). Thus, harnessing stem
cell properties and their microenvironment can pave the way
for innovative approaches in combating PCa bone metastasis.

7. Conclusions

In summary, both coding and non-coding RNAs have effects
on the advancement of PCa-related bone metastases, with dual
effects of both promotion and inhibition. The identification of
specific pathway targets will have an impact on the manage-
ment of bone metastases in patients with PCa. Furthermore,
PSMA, PARP and PD-1 have been employed for the detection
and management of bone metastases in patients with PCa.
Major changes are expected to occur in the diagnosis and
treatment of this disease, as the molecular mechanisms of bone
metastases in patients with PCa are gradually understood.
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