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Prostate cancer is one of the most prevalent malignant tumors in men worldwide, and early diagnosis is 
essential to improve patient survival. This review provides a comprehensive discussion of recent advances in 
prostate cancer biomarkers, including molecular, cellular, and exosomal biomarkers. The potential of various 
biomarkers such as gene fusions (TMPRSS2-ERG), noncoding RNAs (SNHG12), proteins (PSA, PSMA, AR), 
and circulating tumor cells (CTCs) in the diagnosis, prognosis, and targeted therapies of prostate cancer is 
emphasized. In addition, this review systematically explores how multi-omics data and artificial intelligence 
technologies can be used for biomarker discovery and personalized medicine applications. In addition, this 
review provides insights into the development of specific probes, including fluorescent, electrochemical, and 
radionuclide probes, for sensitive and accurate detection of prostate cancer biomarkers. In conclusion, this 
review provides a comprehensive overview of the status and future directions of prostate cancer biomarker 
research, emphasizing the potential for precision diagnosis and targeted therapy.

Introduction

Prostate cancer (PCa) is the fifth leading cause of cancer death 
worldwide [1]. PCa was presented as the second most common 
cancer among the male population globally, accounting for 
14.1% of all incident cancer cases and 6.8% of all deaths in men 
in 2020 [2]. The prevalence is higher on elderly people, which 
is escalated by aging population in many countries. Early diag-
nosis of PCa is essential to improve the survival rate of patients. 
However, the occurrence and development of PCa is a complex 
biological process, and it is often challenging to meet the clinical 
needs only by routine rectal digital examination and PSA level 
test. Therefore, it is crucial to develop new diagnostic and prog-
nostic indicators that can accurately identify PCa in patients to 
assess the risk of disease progression and to provide a basis for 
formulating individualized treatment plans.

Given the limitation of PSA screening, scholars have carried 
out related research on various forms of combined PSA detec-
tion, such as free PSA (fPSA), p2PSA, 4K, and PHI, to improve 
the differential diagnosis effect of patients with PSA gray area 
[3]. With the rapid growth of omics detection in recent years, 
especially the wide application of genomics and proteomics 
technology, progress has been made in studying PCa’s occur-
rence and development mechanism. Notably, many genes have 
been discovered that are connected with the occurrence and 
progression of PCa, which provides resources for finding new 

diagnostic biomarkers. TMPRSS2-ERG (transmembrane pro-
tease serine 2-ETS transcription factor) gene fusion event is a 
high-frequency specific rearrangement of PCa, which can be 
used as a diagnostic index [4]. PCA3 gene is highly overex-
pressed explicitly in PCa tissues, and its detection has been 
commercialized. In addition, some microRNAs (miRNAs) in 
body fluids, such as miR-141, also show the diagnostic value 
of PCa [5]. Simultaneously, a series of differential proteins in 
body fluids or tissues of patients with PCa can be detected by 
mass spectrometry (MS), and these proteins are worthy of 
attention as potential diagnostic biomarkers. Representative 
proteins include prostate-specific membrane antigen (PSMA) 
and AMACR 4. The clinical application of these protein bio-
markers needs to be further verified.

The aim of this review is to provide a comprehensive over-
view of recent advances in PCa biomarkers and probes and their 
applications in targeted therapy and diagnosis. Various types 
of biomarkers are specifically covered, including molecular 
biomarkers (genes, noncoding RNAs, and proteins), cellular 
biomarkers [circulating tumor cells (CTCs), cancer stem cells 
(CSCs), and circulating endothelial cells (tCECs)], and exosomal 
biomarkers (RNAs, proteins, DNAs, and lipids). In addition, the 
review delves into the importance of major advances in bio-
marker detection by histologic data integration and artificial 
intelligence analysis to unravel the complex molecular mecha-
nisms underlying PCa development and progression (Fig. 1).

Citation: Li K, Wang Q, Tang X, 
Akakuru OU, Li R, Wang Y, Zhang R, 
Jiang Z, Yang Z. Advances in Prostate 
Cancer Biomarkers and Probes. 
Cyborg Bionic Syst. 2024;5:Article 
0129. https://doi.org/10.34133/
cbsystems.0129

Submitted 11 February 2024  
Accepted 25 April 2024  
Published 27 June 2024

Copyright © 2024 Keyi Li et al.  
Exclusive licensee Beijing Institute of 
Technology Press. No claim to original 
U.S. Government Works. Distributed 
under a Creative Commons 
Attribution License 4.0 (CC BY 4.0).

https://doi.org/10.34133/cbsystems.0129
mailto:yangzhuocy@163.com
mailto:jiangzhenqi@bit.edu.cn
https://doi.org/10.34133/cbsystems.0129
https://doi.org/10.34133/cbsystems.0129
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Li et al. 2024 | https://doi.org/10.34133/cbsystems.0129 2

PCa Biomarkers

Molecule
PCa is a complex disease, involving various molecular aberra-
tions and cell changes [6]. With the development of biotechnol-
ogy and genomics, more and more molecular biomarkers play 
a key role in the diagnosis and treatment of PCa. These bio-
markers contain a wide range of biomolecules, including non-
coding RNA, genes, and protein, each of which is helpful for 
understanding the disease mechanism and can be used as a 
potential target for diagnosis, prognosis, or treatment. Table 1 
summarizes the molecular-based biomarkers that show good 
potential in PCa research.

Nucleic acid
(1) UBASH3B

In addition to genes related to amino acid metabolism, genes 
responsible for regulating T cell receptor signaling have also 
been found to be candidate prognostic biomarkers for PCa. 
UBASH3B is a gene involved in the regulation of various bio-
logical processes, including cell signaling and immune regula-
tion. Wang et al. [7] detected the mRNA and protein expression 
of UBASH3B in patients with PCa and benign prostatic hyper-
plasia (BPH) by real-time fluorescence quantitative polymerase 
chain reaction and immunohistochemistry and analyzed the 
gene expression data. The analysis found that this gene’s mRNA 
and protein expression was elevated in PCa. In contrast, 
Kaplan–Meier analysis showed that the 5-year overall survival 
of PCa patients with high UBASH3B expression levels was sig-
nificantly shorter than that of patients with low UBASH3B 
levels, which may be a potential prognostic biomarker and cor-
related with tumor-infiltrating immune cells in the tumor 
microenvironment [7].
(2) The TMPRSS2-ERG gene rearrangement

The TMPRSS2-ERG gene rearrangement is a common 
PCa-specific gene rearrangement that involves the fusion of 

TMPRSS2 and ERG genes, resulting in the overexpression of 
ERG [8]. In 2005, Petrovics et al. [9] first reported this fusion 
phenomenon in PCa. Subsequently, Tomlins et al. [10] eluci-
dated the mechanism behind this fusion, revealing the fusion 
of TMPRSS2 and ERG. TMPRSS2, under the influence of 
androgens, promotes ERG expression, leading to ERG onco-
protein overexpression in PCa. Numerous studies have veri-
fied that abnormal ERG expression, in conjunction with PTEN 
loss or other molecular alterations, collectively contributes to 
PCa occurrence and metastasis [11]. According to TCGA data, 
TMPRSS2-ERG fusion serves as a primary molecular classi-
fication factor for localized PCa and a potential prognostic 
indicator [11].

Furthermore, research indicates that TMPRSS2-ERG gene 
fusion is present in the majority of metastatic PCa cases, with 
positive tumors exhibiting a higher propensity for metastasis 
[12]. It has been shown that ERG expression triggers precancer-
ous cells to accumulate additional mutations by inhibiting 
oncogene-induced senescence and that gene rearrangements 
can be used as specific biomarkers of PCa for the diagnosis of 
PCa [13].
(3) BRCA (BRCA1/BRCA2)

In 2001, Mary Claire King and her team made a groundbreak-
ing discovery by identifying the BRCA1 gene, linking it to early-
onset breast cancer, and successfully mapping it to chromosome 
17. Subsequently, they located and cloned the BRCA2 gene on 
chromosome 13, further advancing breast cancer research [14]. 
Concurrently, research revealed the association of the ESRP1 
gene with early invasive PCa. Despite its location on chromo-
some 8, distinct from the MYC oncogene, ESRP1 plays a unique 
role in cancer development [15]. Furthermore, the transmem-
brane protein encoded by the KIAA1324 gene exhibits expres-
sion in various cancers and correlates with patient prognosis 
[15]. While the precise biological function of KIAA1324 remains 
elusive, its potential as a cancer biomarker warrants further 
investigation and exploration.

Besides the BRCA genes, approximately 22% of advanced 
PCa patients display defective DNA damage repair (DDR), 
linked to genes involved in DNA damage repair like BRCA1 
and BRCA2 [16,17]. Studies indicate that mutations in BRCA 
genes elevate the risk of prostate, pancreatic, breast, and ovarian 
cancers. Clinical trials have identified BRCA2 gene mutations 
as an independent prognostic factor for PCa patients [17].
(4) SNHG12

Long noncoding RNAs (lncRNAs) are a class of long-
stranded noncoding RNAs greater than 200 nucleotides in 
length and are an important component of noncoding genomes. 
Several studies have shown that lncRNAs can act as cancer or 
tumor suppressor genes. Among lncRNAs, studies have shown 
that the small nuclear kernel host gene 12 (SNHG12) is associ-
ated with cancer types such as prostate, breast, and gastric can-
cers [18]. Changes in the expression of SNHG12 are associated 
with tumor cell viability, proliferation, and metastasis and can 
be used as a prognostic cancer biomarker. Cheng et al. [19] 
deployed bioinformatic methods in their analysis and found 
that SNHG12 is closely associated with PCa progression. 
They also investigated the interaction between miR-133b and 
SNHG12 in PCa progression, and demonstrated that SNHG12 
can be used as a prognostic biomarker for PCa. It was shown 
in the study that SNHG12 acts as an oncogene by sponging the 
tumor suppressor gene miR-133b to promote PCa tumorigen-
esis [20,21].

Fig. 1. Table of Contents (TOC) diagram of the synthesis.
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Proteins
(1) Androgen receptor

In 1941, Charles Huggins and Clarence Hodges conducted 
a groundbreaking study on the relationship between androgens 
and PCa growth. Their observations revealed that testosterone 
usage stimulated prostate growth, while castration led to a reduc-
tion in the burden of advanced PCa [22]. Subsequent research 
has elucidated that the androgen effect in PCa is contingent 
upon the androgen receptor (AR) (Fig. 2), functioning as a 
hormone-activated transcription factor [23]. Mutations and 
amplifications of ARs have been documented in both primary 
PCa and metastatic tumors, with patients undergoing AR 
antagonist therapy exhibiting a higher likelihood of these muta-
tions. These investigations underscore the significance of AR 
as a biomarker for PCa, offering crucial insights for further 
research and treatment in this domain [22].

Since PCa is an androgen-dependent disease, the AR is essential 
for normal prostate cells. AR helps to control the balance between 
cell proliferation and cell differentiation, but up-regulation of 
AR signaling in PCa cells leads to unrestricted accumulation. 
Androgen deprivation therapy (ADT) is the mainstay of treat-
ment for advanced PCa. However, recent findings indicate 

that although most advanced PCas respond positively to ADT, 
many eventually progress to androgen-desensitized PCa. This 
underscores the continued importance of AR and its downstream 
signaling pathways in tumor growth [24]. AR aberrations will 
lead to resistance to ADT and AR-targeted therapies on molecu-
lar pathways. Specific abnormalities include AR gene mutations, 
splice variants, and amplification. These aberrations will increase 
during tumor progression; therefore, alterations in the AR path-
way can be used as prognostic biomarkers for PCa [25].
(2) Prostate-specific antigen

Prostate-specific antigen (PSA) belongs to serine protease 
family, which is a specific glycoprotein produced by prostatic 
alveoli and ductal epithelial cells with a molecular weight of 
33 kDa. It is currently the most widely used biomarker for PCa 
screening, diagnosis, risk stratification, and surveillance [26]. 
Research on antigens characterizing prostate diseases in human 
semen dates back to the 1970s [27]. The purification of human 
prostate antigen was first reported in 1979, with its discovery 
in the serum of patients with advanced PCa following in 1980 
[28]. In the same year, enzyme immunoassay was employed 
to quantify PSA in male serum, initially utilized in 1981 for 
monitoring PCa patients [29,30]. Originally, PSA testing was 

Table 1. Summary of molecule PCa biomarkers and function

PCa biomarkers Function

UBASH3B A gene involved in regulating various biological processes, including cellular signaling and immune 
regulation. This gene’s mRNA and protein expression is potentially related to PCa.

The TMPRSS2-ERG 
gene rearrangement

The fusion of TMPRSS2 (transmembrane protease serine 2) and ERG (ETS transcription factor) genes, 
resulting in the overexpression of ERG. ERG overexpression is closely associated with cancer 
development.

BRCA A vital DNA damage repair gene in the human body. Mutations in BCRA genes are associated with an 
increased risk of cancers such as PCa.

SNHG12 An lncRNA, which plays a role in PCa progression and acts as a prognostic biomarker.

Androgen receptor (AR) A transcription factor activated by androgens, which contributes to control the balance between cell 
proliferation and cell differentiation, and a transcription factor activated by androgens, which helps to 
control the balance between cell proliferation and cell differentiation.

PSA A specific glycoprotein produced by prostate alveolar and ductal epithelial cells. PSA levels are usually 
elevated in patients with PCa.

PSMA A membrane surface glycoprotein that is expressed at low levels in normal prostate tissues but highly 
expressed in PCa tissues.

EPCA A cytosolic protein encoded by a gene consisting of eight different exons. EPCA-2 is a highly specific 
EPCA isoform, which is highly expressed in PCa tissues, but lowly expressed in normal tissues.

IKKα A protein kinase belonging to the IKK family, which plays an essential role in cellular signaling, 
participating in regulating processes such as inflammation, immunity, and growth of cells, and has a 
good prognostic value but cannot be used as an independent prognostic biomarker for PCa.

ZIC2 A protein-coding gene essential in embryonic development and tissue differentiation. It belongs to the 
zinc finger transcription factor family, which is crucial in regulating gene expression and cell fate. 
Deleting ZIC2 protein expression was associated with poor prognosis.

B7-H4 A protein involved in immune regulation, which belongs to the B7 family of immune checkpoint 
molecules, and is a potential prognostic biomarker in PCa.

Cytokine (CK) A class of small molecule proteins produced by cells that transmit signals between cells and regulate 
biological processes such as immune response, inflammatory response, and cell multiplication.

RAMP1 A membrane protein involved in regulating receptor activity. Signal transduction is highly expressed in 
PCa tissues, with high specificity.
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intended for monitoring disease progression and treatment 
response rather than screening. In 1991, it was reported as a 
screening tool for PCa [31]. It has been discovered that PSA 
levels are usually elevated in patients with PCa and are initially 
considered positive when the concentration is higher than 
4.0 ng/ml [32]. PSA can be considered a clear indicator of 
pathogenesis when its concentration in the blood is greater 
than 10 ng/ml [33]. Recent joint guidelines published by asso-
ciations such as American Urological Association indicate the 
corresponding PSA threshold concentrations for PCa prognosis, 
where men with PSA concentrations of <10 μg/l should be 
categorized as very low or low risk, men with PSA concentra-
tions of 10 to <20 μg/l should be considered to be at recurrence 
risk moderate, and men with PSA concentrations of ≥20 μg/l 
should be considered at high risk for recurrence [34].

However, Jia et al. [35] found that although PSA has a high 
tissue specificity, its tumor specificity is low, and the PSA test 
is not exclusive to diagnose the presence of PCa. Its low sensi-
tivity, especially in the gray area, usually leads to overtreatment 
or missed diagnosis [32]. To improve the specificity and accu-
racy of the test, ancillary tests are generally performed, includ-
ing fPSA percentage, PHI, and PCA3 [36]. The findings suggest 
that the free/total ratio appears to be most clinically useful 
when PSA reaches levels of 4 to 10 ng/ml, and that detection 
of the free/total ratio may improve the specificity of surveillance 
for PCa and reduce the number of patients with negative biop-
sies [37]. Huang et al. [38] found that adding a fPSA percentage 
increased the sensitivity range of their test. The Prostate Health 
Index (PHI) consists of measures of -2proPSA, percent fPSA, 
and total PSA, and combining the levels of these three proteins 
resulted in an overall sensitivity of 90% [39]. PCA3 is a non-
coding miRNA highly expressed in PCa tissues, while it is 
barely represented in normal prostate tissues, various other 
tissues, and organs [40]. The use of combined assays effectively 
improves the accuracy of PCa diagnosis. It has been pinpointed 
that the accuracy of PSA detection can be effectively improved 
using biosensors. In the field of biological information detec-
tion and medical treatment, a number of biomarker sensors 
that are based on electrochemistry, surface plasmon resonance 
(SPR), nanowires, and other microstructures have been put 
into commercial application [41].
(3) Prostate-specific membrane antigen

PSMA is a membrane surface glycoprotein expressed at low 
levels in normal prostate tissues but highly expressed in PCa 
tissues [42]. Kabay et al. [43] used a disposable and label-free 
electrochemical immunosensor for the sensitive and selective 

detection of PSMA to determine whether a patient has PCa. 
PSMA-PET (positron emission tomography) was useful in cus-
tomizing treatment to individual patients’ specific needs and 
assessing response after systemic therapy in patients with 
advanced PCa [44]. PSMA is mainly used in nuclear medicine 
in combination with PET imaging to locate prostate tumor 
cells. The 68Ga-PSMA-11 radioactive tracer has been approved 
by the US Food and Drug Administration (FDA) and European 
Medicines Agency (EMA) for the study of PCa in different 
clinical environments [45]. The lesion location displayed by 
Ga-PSMA PET/CT (computed tomography) is closely related 
to primary PCa and has high sensitivity and specificity in 
detecting and locating cancer [46]. PSMA-PET can be used for 
the diagnosis and localization of PCa, with high predictive 
value and detection rate for recurrent PCa [47]. In addition to 
diagnosis and localization, PSMA-PET can also be used for prog-
nostic testing of prostate hyperplasia, with poor detection effect 
at low PSA levels, while 18F-PSMA-1007 performs better in some 
cases. The combination of PSMA-PET and Fluorodeoxyglucose 
(FDG)-PET can improve lesion detection rate and predict patient 
survival more accurately [48]. Therefore, PSMA-PET can be used 
not only for the diagnosis and localization of PCa but also for 
predicting patient survival and cancer recurrence rates, with 
important clinical prognostic value.
(4) Early prostate cancer antigen

Early prostate cancer antigen (EPCA) is a highly relevant 
biomarker for PCa diagnosis. It is a cytosolic protein encoded 
by a gene consisting of eight exons. EPCA has been found to 
be sensitive and specific as a biomarker of PCa [49]. EPCA-2 
is an EPCA isoform that is highly specific and highly expressed 
in PCa tissues but not in normal tissues. Pourmand et al. [50] 
examined EPCA-2 in 176 patients and performed univariate 
and multivariate analyses to show that EPCA-2 is a specific 
biomarker. However, recent studies have shown that the effi-
ciency of single biomarker tests still cannot catch up with com-
bined biomarker tests. Li et al. [49] retrospectively studied 
several patients with PCa and prostatic hyperplasia to deter-
mine EPCA-2 levels. They found that the diagnostic concor-
dance of combined assessment of magnetic resonance imaging 
(MRI), PSA, soluble E-calmodulin, and EPCA-2 for identifying 
PCa and BPH was 93%, significantly higher than that of the 
separate method.
(5) IKKα

Prostate cells are androgen-dependent, and androgen defi-
ciency leads to apoptosis and inflammation. Nuclear factor κB 
(NF-κB) regulates inflammatory factors. The main component 

Fig. 2. Structure of protein domain of human AR. AR is a protein of 919 amino acids consisting of several functional domains including N-terminal (N-ter) domain, DNA binding 
domain (DBD), and ligand binding domain (LBD) at the C terminus. The FXXLF motif at amino acids 23 to 27, the WXXLF motif at amino acids 453 to 457, the nuclear localization 
signal (NLS), and a putative mitochondrial localization signal (MLS) are also depicted [195]. Copyright 2021, Cancer Letters.
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upstream of NF-κB signaling is the IκB kinase (IKK) complex. 
As a catalytic subunit of the IKK complex, IKKα can activate the 
IKK complex, further start NF-κB, and allow the activated NF-κB 
to enter the nucleus, thereby regulating a variety of gene expres-
sion, mediating inflammatory responses, immune responses, 
cellular activity, and other biological processes such as cellular 
activity. Montes et al. [51] assessed the correlation between IKKα 
and PCa by evaluating the expression of proteins in cytoplasmic 
and nucleus by immunohistochemistry in tumor cells. The study 
revealed that IKKα has an excellent prognostic value but cannot 
be used as an independent prognostic biomarker for PCa.
(6) ZIC2 protein

ZIC2 is a crucial gene initially identified in human embryos 
and the nervous system [52]. Studies have revealed that ZIC2 
exhibits high expression in PCa tissue, closely correlated with 
malignant tumor characteristics, including promoting cell migra-
tion, invasion, angiogenesis, and tumor initiation, while inhibit-
ing cell apoptosis [53]. ZIC2 is significantly elevated in PCa, 
nasopharyngeal carcinoma, breast cancer, and acute myeloid 
leukemia [53,54]. Toth et al. [55] investigated DNA methylation 
changes between good and poor prognosis PCa cases, used the 
classification model to predict aggressive behavior in PCa, and 
found that deletion of ZIC2 protein expression was associated 
with poor prognosis. These findings strongly support ZIC2 as a 
biomarker for PCa. At the same time, ZIC2 plays a role as an 
oncogene and could serve as a biomarker for PCa prognosis.
(7) B7-H4

B7-H4 is normally expressed in antigen-presenting cytosolic 
T lymphocytes and can inhibit T cell proliferation, cytokine 
(CK) secretion, and immunotoxicity. B7-H4 is a molecular 
biomarker associated with tumor progression and prognosis 
in ovarian, renal cell, pancreatic, hepatocellular, and gastric 
cancer patients. It has been analyzed as a potential prognostic 
biomarker in PCa by a bioassay [56].
(8) Cytokine

CKs are a class of small molecule proteins produced by cells 
that transmit signals between cells and regulate biological pro-
cesses such as immune response, inflammatory response, and 
cell proliferation. CKs play an important role in the diagnosis 
of PCa and have been extensively studied as biomarkers associ-
ated with the disease (Fig. 3). Interleukin-6 (IL-6) [57] is an 
inflammation-associated CK with a high expression level asso-
ciated with PCa aggressiveness, tumor growth, and poor prog-
nosis. In addition, dysregulation of chemokine expression is 
closely associated with PCa, and it has been found that up-
regulation of CCL2/CCR2 and various immune conditions in 
PCa are associated with cancer progression, metastasis, and 
recurrence [58]. It is also found that obesity is closely related 
to CKs and PCa [59]. The variety of CKs associated with PCa 
is diverse. Gong et al. [58] used a bioinformatics approach to 
validate 21 up-regulated and 17 down-regulated CKs in PCa, 
which are valid diagnostic biomarkers for the disease.
(9) Receptor activity modifying protein 1

Receptor activity modifying protein 1 (RAMP1) is a mem-
brane protein that regulates receptor activity and signaling and 
is a biomarker associated with PCa. RAMP1 is expressed at 
high levels in PCa tissues, and its specificity is high [60]. Conse
quently, detecting the level of RAMP1 in prostate tissue or 
serum serves as a diagnostic indicator of PCa.
(10) Sialylated glycoprotein

Sialylated glycoproteins are a class of glycoprotein molecules 
with salivary acid modifications, which are widely found on cell 

surfaces and in body fluids and play essential roles in various 
biological processes. It has been found that the expression levels 
of sialylated glycoproteins are usually higher in PCa tissues [57]. 
Not only that, some studies have found that targeting Siglec–
sialic acid interactions is helpful in treating PCa [61]. Therefore, 
PCa diagnosis can be made by detecting sialylated glycoprotein 
expression in tissue samples or by circulating sialylated glyco-
protein levels in body fluids such as blood or urine.

Cell
In addition to molecular biomarkers, PCa research has increas-
ingly focused on cellular biomarkers, which provide valuable 
insights into the pathogenesis and progression of the disease 
[62]. Cellular biomarkers encompass various cell types and 
populations that exhibit distinctive characteristics or behaviors 
in the context of PCa [62]. Table 2 summarizes several key 
cellular biomarkers. These biomarkers include CTCs, CSCs, 
and tCECs, each offering unique opportunities for noninvasive 
detection, monitoring of disease progression, and identification 
of therapeutic targets. The study of cellular biomarkers has 
emerged as a promising frontier in PCa research, complement-
ing molecular biomarker discoveries and facilitating a more 
comprehensive understanding of this complex malignancy.

Circulating tumor cells
Tumor-associated cells in the blood microenvironment interact 
with neutrophils, platelets, cancer-associated fibroblast (CAFs), 
and tumor-associated macrophages (TAMs), being excepted 
to be biomarkers for PCa [63] (Fig. 4). Tumor-associated cells 
are also expected to be biomarkers for PCa. Tian et al. [64] 
noted that CTC positivity is an adverse prognostic biomarker 
for early progression, and CellSearch, an FDA-approved plat-
form for predictive use in PCa based on the detection and 
enumeration of CTCs using immunomagnetic capturing and 
fluorescence imaging, demonstrated the results of CTCs as a 
predictive biomarker for PCa. Meanwhile, many studies have 
shown that relevant tumor cells can be detected in PCa patients’ 
blood and bone marrow. With the advent of next-generation 
sequencing (NGS) and sensitive CTC assay analysis in the plasma 
of cancer patients, CTCs can be a beneficial liquid biopsy prog-
nostic tool [24]. Before cancer detection and analysis, CTCs need 
to be enriched before they can be used in subsequent research. 
Xu et al. [65] proposed a three-dimensional (3D) stacked multi-
stage inertial microfluidic sorting chip for high-throughput 
enrichment and convenient downstream analysis of CTCs. The 
system can be easily integrated with mobile sample detection 
methods to realize rapid CTC analysis and help the clinical 
diagnosis of cancer.

Cancer stem cells
CSCs are defined as cells with self-renewal and proliferation 
abilities within cancer tissue [66]. Research has shown that 
CSCs may play an important role in resistance to traditional 
cancer therapies, and investigating CSCs may help discover 
new therapies for PCa [67]. PCa stem cell biomarkers encom-
pass multiple key molecules, including integrins, CD44, CD133, 
CD166, and CD117 [67]. In PCa, integrins are often overex-
pressed. Specifically, α2-integrin and EZH2 are expressed in 
a small fraction of cancer cells, indicating their potential as 
stem cell biomarkers [68–70]. CD44 is a single-channel type 
I transmembrane protein associated with extracellular matrix 
signaling (Fig. 5). In PCa, CD44-positive cells exhibit stem 
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cell characteristics and express high levels of stem genes [71,72]. 
CD133 is a glycoprotein widely expressed in various stem cells 
and endothelial progenitor cells. In PCa, CD133 expression 
levels are associated with tumor grading and prognosis [73–76]. 
CD133+ basal cells may be the cells of origin for PCa [77]. 
CD166 belongs to the immunoglobulin (Ig) family of type I 
transmembrane proteins, mediates intercellular interactions, 
and has been used as a prognostic marker for various cancers 

[78]. CD117 (also known as c-Kit) is a receptor tyrosine kinase 
protein that has been used as an important cell surface marker 
for recognizing hematopoietic progenitor cells in the bone mar-
row and is associated with the ability of cells to self-renew and 
cancer progression [79–81].

Circulating endothelial cells
tCECs have been identified as a novel blood-based biomarker 
for clinically significant cancer [82]. Research indicates that 
tCECs can serve as biomarkers for PCa [83]. Studies have dem-
onstrated that the negative predictive value (NPV) of tCEC 
screening for PCa exceeds 90%, allowing for the safe exclusion 
of over 70% of negative prostate biopsies. Furthermore, there 
exists a negative correlation between tCECs and the overdiag-
nosis of clinically insignificant cancers, potentially reducing 
overdiagnosis by 40% [83]. While tCECs show promise as a 
potential biomarker for PCa, further research is necessary to 
confirm their clinical effectiveness and accuracy in diagnosis 
and screening.

Exosomes
EVs are cellular particles secreted and released outside the cell and 
encapsulated by a lipid bilayer. EVs are produced by endocytosis 
and released by exocytosis, and they are spherical with a diameter 
ranging from 30 to 200 nm [84] (Fig. 6). EVs mainly contain DNA, 
RNA, proteins, and lipids. In recent years, it has been found that 
EVs play an essential role in transmitting information between 
prostate cells, and lesions related to the prostate gland may be 
manifested by changes in the content or structure of EVs. After 
EVs are released into the intercellular space through the cytosol, 
they can mediate intercellular communication between tumor and 
stromal cells, especially between CAF [85]. EVs can serve as bio-
markers of PCa in cancer detection, cancer metastasis control, 
and prognostic testing.

Fig. 3. Tumor cells produce chemokines that drive the production of various regulatory immune cells, followed by the production of CKs, chemokines, and other molecules 
that promote the immune escape of tumor cells [58]. Copyright 2020, Cell Commun. Signal.

Table 2. Summary of cellular PCa biomarkers and function

PCa biomarkers Function

Circulating tumor cell (CTC) A cancer cell that detaches 
from the primary tumor and 
enters the bloodstream, 
which can be detected in the 
blood and bone marrow of 
PCa patients.

Cancer stem cells (CSCs) CSCs are defined as cells 
that have self-renewal within 
cancer tissue. In PCa, CD144 
and CD133 are highly 
expressed.

Circulating endothelial cells 
(tCECs)

tCECs have been identified 
as a novel blood biomarker 
for cancer with clinical 
significance, with a negative 
detection rate of over 90% in 
PCa testing.
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RNA
EVs contain various RNAs closely related to the occurrence and 
metastasis of PCa, and EV-RNAs can be utilized for the initial 
diagnosis of PCa. Liquid biopsy refers to a method of tumor 
diagnosis and monitoring by analyzing tumor-associated mol-
ecules in biological fluids such as blood and urine, and several 
studies have identified specific exosomal miRNAs from blood 
and urine [86]. The up- and down-regulation of their types and 
levels are expected to serve as specific biomarkers for liquid 

biopsy of PCa [87]. The variety of miR-21 and miR-375 from 
urinary EVs can better differentiate between prostate patients 
and healthy individuals [88]. Among many exocrine RNA, two 
miRNAs, mir-26b-5p and miR-98-5p, have higher accuracy in 
determining PCa in patients. In a recent study, the level of miR-
4732-3p was shown to reflect the grade classification of PCa, and 
the prediction results demonstrated that the accuracy of miRNAs 
for the judgment of PCa was higher than that of the most com-
monly used PSA indicator [89]. This shows that EV-RNA can be 
used for the diagnosis of PCa. RNAs contained in EVs are associ-
ated with metastasis of PCa cells. They can play an important 
role in signaling and protein translation on the surface of cancer 

Fig. 4. CTCs in the blood microenvironment and their interaction with neutrophils, platelets, CAFs, and TAMs. [63]. Copyright 2021, Sig Transduct Target Ther.

Fig. 5. Structure of CD44 protein. CD44 mainly consists of three regions, including 
extracellular domain, transmembrane domain, and intracellular domain. Compared 
to CD44s, the extracellular region of CD44v protein additionally contains a variable 
domain [196]. Copyright 2020, Exp Hematol Oncol.

Fig. 6. Schematic diagram of EV secretion. EVs are produced by the multivesicular 
body and released by exocytosis, and they are spherical with a diameter ranging from 
30 to 200 nm in diameter [84]. Copyright 2021, Cell Commun Signal.
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cells, and this role is more pronounced in bone metastasis [90]. 
In the EVs secreted by metastatic PCa cells, the levels of two 
miRNAs, miR-141 and miR-13, are increased, and they enhance 
epithelial–mesenchymal transition (EMT), which can promote 
the metastasis of PCa cells [90,91]. EV-RNAs play an important 
role in the metastasis of tumor cells, and they can be applied as 
biomarkers for metastatic PCa. It can be applied as a biomarker 
in the examination and prediction of diagnosis and prognosis, 
and targeted therapy against EV-RNA has also become one of 
the potential preventive therapies for metastatic PCa.

Protein
The EVs of prostate cells contain many different types of pro-
teins. In prostate lesions (e.g., PCa), the types and amounts of 
proteins in their EVs change considerably. Some of the EVs 
secreted by prostate cells enter the urine, and a variety of pro-
teins in the urine EV are thought to be specific for PCa [92]. 
Abnormally elevated levels of one of these proteins, FABP5 (a 
fatty acid binding protein), have been associated with develop-
ing PCa [93]. Several studies have indicated that proteins in 
urine EV can be utilized as PCa-specific biomarkers in the 
diagnostic testing of PCa [92,94]. This test requires only taking 
the patient’s urine for analysis without the need for puncture 
biopsy of the prostate site, which provides better clinical results. 
Unlike urine, abnormally elevated levels of ERG proteins con-
tained in serum EV are associated with advanced PCa, risk of 
cancer, and recurrence. Multiple proteins of serum EV may 
improve diagnostic procedures for PCa and provide informa-
tion for prognostic PCa testing. The analysis of serum EV pro-
teins has been widely used in other cancer types [95], and this 
assay also has high clinical value in PCa.

DNA
Some studies have shown that EV DNA components also play 
an essential role in the diagnosis and prognosis of PCa. Large 
extracellular vesicles (L-EVs) isolated from the plasma of PCa 
patients are chromosomal DNA-rich EV populations that include 
large segments up to 20,000 base pairs (bp) long. They contain 
genes frequently mutated in metastatic PCa cancer cells (MYC, 
AKT1, PTK2, KLF10, and PTEN), and the amount of DNA in 
L-EVs is positively correlated with the development of PCa [96]. 
This finding points to the potential value of exosomal L-EVs as 
diagnostic biomarkers for PCa. Analysis of plasma L-EV’s DNA, 
such as gene sequencing, can help determine the presence of PCa 
in patients. In a 2018 report evaluating the concentration of cir-
culating free DNA (cfDNA) fragments in patients’ plasma after 
paclitaxel chemotherapy (a PCa treatment), it was found that 
cfDNA was abnormally elevated in PCa patients before treatment 
and that as paclitaxel-based treatment was initiated, cfDNA con-
centrations decreased significantly in patients who benefited 
from paclitaxel chemotherapy [97]. cfDNA comprises short DNA 
fragments (<200 bp) shed into the circulation from apoptosis or 
necrosis of normal and tumor cells. This indicates that the con-
centration of cfDNA can indicate the presence or absence of PCa, 
which can be used as a biomarker in the diagnosis and treatment 
process to guide the provision of improved and more precise 
diagnostic and treatment tools.

Lipids
Most of the studies analyzed characterized the biomarker role 
of RNA, proteins, and DNA in EVs for PCa, and there are fewer 
studies about lipids in EVs. Cholesteryl ester (CE) is a lipid-like 

substance formed by cholesterol and fat. In PCa, the amount 
of CE in EVs correlates with tumor progression and metastasis 
and can differentiate between PCa and BPH [97]. Changes in 
lipids in the EV can provide important information related to 
the advancement and prognosis of PCa. It should be noted that 
this information is not firmly oriented and needs to be tested 
in combination with other biomarkers.

Methods Applied to the Discovery of  
New PCa Biomarkers

Histology data integration
Histomics is a high-throughput research method in the field 
of systems biology, through a large amount of data collection 
and analysis, including genomics, transcriptomics, proteomics, 
metabolomics, as well as the interaction network and func-
tional genomics at multiple levels [98]. With the emergence 
of NGS tools and the continuous development of MS, research-
ers can achieve high-throughput sequencing and in-depth 
analysis of protein expression, modification, and metabolites 
at the level of individual cells, and genomics technologies pro-
vide emerging means of analyzing the molecular characteris-
tics and biological mechanisms of diseases [99,100]. In recent 
years, large-scale genomics studies have been conducted for 
different PCa stages [101]. Histomics data integration is the 
process of integrating and analyzing histomics data from many 
different levels. This provides a more comprehensive view of 
PCa disease by bringing these data together to discover cor-
relations between different histological levels, and researchers 
can gain a more comprehensive understanding of the biologi-
cal characteristics of PCa [102].

Genome-wide association study
Genome-wide association study (GWAS) is an important 
research method in genomics, which is a research method to 
search for genetic factors associated with complex diseases by 
genome-wide typing of large-scale population DNA samples 
with high-density genetic markers [e.g., single-nucleotide 
polymorphisms (SNPs) or copy number variations (CNVs)]. 
In recent years, GWAS has been successful in resolving the 
genetic components of many complex human diseases, includ-
ing PCa [103], and a large number of studies have analyzed 
the genetic variant loci of PCa-associated cells through GWAS 
data to reveal the risk gene regions for pathogenesis, which 
can be used as a biomarker to provide important value for the 
study of the pathogenesis of PCa and clinical application. SNP 
is a change in a single nucleotide in the DNA sequence of a 
gene, and it is one of the most common types of genetic vari-
ants. Many studies have shown that more than 100 SNPs are 
associated with the risk of PCa, and the SNP–SNP interaction 
network plays an important role in the diagnosis and treatment 
of PCa [104,105]. Hua et al. [106] showed that the PCa high-
risk SNP rs11672691 chain imbalance of SNP rs887391 acti-
vated PCAT19-long by decreasing the binding of transcription 
factors NKX3.1 and YY1 to the promoter of PCAT19-short, 
resulting in a weak promoter activity but a strong enhancer 
activity, followed by activation of PCAT19-long. PCAT19-long 
interacts with HNRNPAB to activate a group of cell cycle genes 
associated with PCa progression, thereby promoting PCa 
tumor growth and metastasis [106]. This finding elucidates the 
biological mechanism of SNPs and provides the principal sup-
port that SNPs can be used as biomarkers for PCa, proving 
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that the search for PCa-related SNPs through genomics is a 
powerful research tool for discovering new biomarkers. In 
recent years, several GWAS-based genomics studies have 
pointed out that several genetic variants in different regional 
ethnic groups (including West Africa, Japan, and Europe) are 
associated with PCa susceptibility, but there are some regional 
ancestry differences in the variant genes [107–109]. To reduce 
pedigree differences and obtain universal results, Conti et al. 
[110] analyzed GWAS data combining 107,247 PCa cases 
and 127,006 controls (including men from European, African, 
East Asian, and Hispanic populations) and analyzed between 
5.6 million and 16.8 million genotypes. Insertion/deletion 
variants associated with PCa risk were examined, and 86 new 
independent genetic loci associated with PCa risk were identi-
fied, which had a genome-wide association significance thresh-
old of P < 5.0 × 10−8. This study suggests that taking advantage 
of big data analysis in genomics can help researchers identify 
common genetic loci associated with PCa with greater preci-
sion in the face of the differences that exist among different 
ethnic groups in different regions. These genetic loci can play 
an important role as biomarkers in PCa detection and risk 
prediction.

Transcriptomics
Transcriptomics reveals gene expression levels by measuring 
and analyzing transcription product RNA. RNA sequencing 
(RNA-Seq) is a commonly used analytical method for tran-
scriptomics. It provides comprehensive transcriptomic infor-
mation including gene expression levels, splicing variants, and 
RNA sequence variants by measuring and analyzing transcrip-
tion products such as mRNA, miRNA, and other noncoding 
RNAs in RNA samples. Alkhateeb et al. [111] used a large 
amount of data provided by RNA-Seq technology to compare 
normal and malignant PCa datasets and found differences in 
HEATR5B, DDC, and GABPB1-AS1 gene expression, which 
can be used as biomarkers for diagnosing PCa. At the same 
time, it was found that PTGFR, NREP, SCARNA22, DOCK9, 
FLVCR2, IK2F3, USP13, and CLASP1 genes were differentially 
expressed between stage II and subsequent stages of the disease, 
which can be used as potential biomarkers for the prediction 
of PCa progression [111]. By analyzing a large number of RNA 
molecules simultaneously through transcriptomic approaches, 
researchers can identify multiple RNA molecules or gene loci 
associated with PCa development and progression and analyze 
possible interactions. Robinson et al. [112] conducted prospec-
tive whole-exome and transcriptome sequencing of bone or 
soft tissue tumor biopsies from 150 patients with metastatic 
castration resistant prostate cancer (mCRPC). They discovered 
that compared to primary PCa, mCRPC exhibited significantly 
increased frequency of abnormalities in BRCA2, BRCA1, and 
ATM, along with some individual differences in other gene 
variants. This finding offers new treatment options for patients 
seeking personalized precision medicine. Another study pointed 
out that for multifocal prostate, obtaining RNA biomarkers for 
low-grade cancer foci did not predict high-grade foci in com-
mercial prognostic tests, further deepening the accuracy and 
utility of transcriptomics for PCa biomarker analysis [113]. 
Transcriptomics can provide an overall gene expression profile 
of PCa tissues or cells, allowing researchers to clarify the pat-
tern and level of gene expression in disease development, which 
can help researchers discover new susceptibility genes or regula-
tory loci.

Proteomics
Proteomics focuses on the composition, structure, function, 
and interactions of proteins in living organisms and has a tre-
mendous impact on early cancer detection, diagnostic improve-
ment, recurrence prevention, treatment response monitoring, 
and improved survival outcomes [114]. Electrophoresis and MS 
analysis can identify protein interactions and analyze the high-
level structure of proteins, which is an important tool for pro-
teomics research and analysis. The continuous development of 
MS technology, such as the improvement of scanning speed and 
mass resolution, allows targeted proteomics detection to be 
performed by noninvasive liquid biopsy, expanding the direc-
tion for proteomic studies of PCa to discover abnormal proteins 
or abnormal protein regulatory pathways [115]. The study by 
Davaliev et al. [116] used 2D difference gel electrophoresis 
(DIGE) and MS to compare the proteomic analysis of PCa and 
BPH tissues and demonstrated that nine proteins, including 
CSNK1A1, ARID5B, LYPLA1, PSMB6, RABEP1, TALDO1, 
UBE2N, PPP1CB, and SERPINB1, are dysregulated in PCa tis-
sues and can be used as emerging PCa biomarker with a role in 
diagnosis. Another study used iTRAQ 3D LC MS to analyze 
over 1000 proteins histologically in high-quality serum samples 
and found that seven targeted proteins [six potentially interact-
ing, including recognized cancer markers such as tumor necro-
sis factor (TNF), signal transducer and activator of transcription 
3 (STAT3), NF-κB, and IL-6] could be present as biomarkers in 
PCa [117]. However, the amount of tissue samples obtained in 
disease diagnostic proteomics analyses is small, and certain MS 
methods do not allow the detection of large numbers of samples. 
To address this problem, Turiák et al. [118] investigated biop-
sies in the form of tissue microarray (TMA) to reduce sample 
volume and improve sensitivity, and also found that PCa 
proteins vary greatly with cancer grade and identified protein 
pathways associated with PCa, making a prospective contribu-
tion to PCa biomarkers. Taken together, these studies show that 
proteomics can analyze the expression levels, modification 
modes, or interactions of PCa tissue proteins at a large-scale 
level and discover abnormal proteins associated with PCa. 
Through highly sensitive identification and quantitative deter-
mination by chromatography and MS instruments, proteomics 
has become an important method for studying PCa susceptibil-
ity proteins.

Metabolomics
Metabolomics uses high-throughput analytical techniques, such 
as MS and nuclear magnetic resonance (NMR), to study the 
overall spectrum of metabolites produced by an organism, which 
can identify changes in metabolites and abnormalities in metabolic 
pathways in focal areas to reveal metabolic profiles of organisms 
in different states. In the study of PCa pathology, the study of 
metabolomic differences between tumor cells and normal cells 
can help to discover new biomarkers and provide early diagnosis 
of cancer and prognostic options [119]. Commonly used metab-
olomics analysis methods mainly include chromatography-MS, 
high-resolution MS, and NMR techniques. In the study of cancer 
cell metabolomics, liquid/gas chromatography-MS (LC/GC-MS) 
has the characteristics of high resolution and high sensitivity 
and plays an important role in the discovery of biomarkers and 
exploration of pathological mechanisms. Several studies have 
identified multiple metabolites that are associated with a high 
risk of PCa development by comparative analysis of metabo-
lomics in urine or plasma from normal and PCa patients using 
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LC-MS or GC-MS. These metabolites (including urea and 
amino acids) are associated with circulatory dysregulation in 
cellular metabolism and can be used as biomarkers for the early 
prevention and diagnosis of PCa to help identify men at high 
PCa risk [120–122]. This suggests that metabolomic analysis 
of PCa tissues using LC-MS or GC-MS can be effective in iden-
tifying PCa-susceptible metabolic end products. However, when 
performing large-scale metabolomics studies, LC-MS is limited 
in the translation of clinical diagnosis due to the long data acqui-
sition time. Researchers proposed a high-resolution MS method, 
combined with a segmented flow approach, to analyze urine 
samples and found that branched-chain amino acids, among oth-
ers, maybe a novel tool for PCa diagnosis and prognosis [123]. 
This analytical method, which allows for faster analysis of the 
sample’s to-be-tested histology and discovery of pathologically 
altered metabolic molecules while ensuring accuracy, offers 
greater advantages in terms of clinical applications. In the face of 
to-be-tested samples that cannot be ionized, MS is difficult to 
analyze, and NMR technology can play a key role as a new tech-
nological tool in metabolomics research. Yang et al. [124] ana-
lyzed the urine samples of cancer and noncancer patients using 
1H NMR and found that guanidinium acetate, phenylacetylgly-
cine, and glycine were potential biomarkers of PCa. Abnormal 
changes in metabolites, which are end products of cellular reac-
tions, are more closely linked to lesions exhibited by PCa com-
pared to upstream genes. By analyzing metabolomics, researchers 
can pinpoint metabolic abnormalities associated with PCa, which 
is important for the discovery of biomarkers for PCa.

Integration of histologic data
The pathological mechanism of PCa has complexity and is related 
to multiple factors such as environment and cells. The analysis of 
a single histology can help to gain insight into the mechanism of 
PCa and search for potential biomarkers, but it may overlook the 
interactions and comprehensive effects between different histo-
logical levels. More and more studies have been conducted to 
analyze the connection between multiple histological data by inte-
grating the histological data for more in-depth and comprehensive 
analysis and study of PCa, which can provide precise guidance for 
personalized medicine and precision treatment.

(1) Genomics–transcriptomics
Combined genomics–transcriptomics analysis plays an 

important role in PCa research. By integrating genomics and 
transcriptomics data, it is possible to identify potential driver 
genes for PCa, analyze the transcriptional network of PCa patho-
genesis, and explore new biomarkers, which can provide new 
directions for clinical diagnosis and treatment of PCa. Yun et al. 
[125] found significant differences in the expression of SPINK1 
and SP8 genes as potential biomarkers in the transcriptomic and 
genomic analyses of samples from patients with different types 
of PCa at the primary site. By analyzing the transcriptome and 
genome of samples from different primary sites, they found that 
there were significant differences in the expression of SPINK1 
and SP8 genes, which can be used as potential biomarkers and 
help to classify PCa patients with a higher risk of metastasis. 
Meanwhile, another study demonstrated that genetic variants of 
PCDH9 and PLXNA1 were associated with PCa progression and 
that overexpression of PLXNA1 led to further progression of PCa 
and worse prognosis by analyzing the whole genome and tran-
scriptome sequencing of untreated PCa patients [126]. Ye et al. 
[127] demonstrated that by investigating PCa DNA, methylation 
variation (MET), and mRNA data of PCa, established a risk 

assessment model, integrated the multi-omics data, and eluci-
dated the potential causative genes of PCa to provide new targets 
for the treatment of PCa patients. In conclusion, genomics pays 
more attention to the genes that undergo gene mutation in the 
disease, while transcriptomics pays more attention to the changes 
in gene expression level and the differences in RNA structure or 
concentration. Combining the analysis of genomics and tran-
scriptomics helps researchers to analyze the two interrelated 
perspectives, namely, DNA and RNA; to find out the gene varia-
tions related to PCa from a more comprehensive perspective, 
gene expression level changes, transcriptionally obtained RNA 
modification abnormalities, or RNA interactions; and to discover 
new potential biomarkers to provide new directions for the diag-
nosis, treatment, and prognosis of PCa.

(2) Proteomics–metabolomics
Proteomics allows the identification of a large number of 

proteins in biological samples, determining the structure and 
function of proteins, and studying protein modification and 
interaction networks. Metabolomics focuses on the study of 
metabolic end products and metabolic mechanisms by com-
paring the differences in metabolic changes between normal 
individuals and patients. Combining proteomics and metabo-
lomics to analyze and study PCa helps people to fully under-
stand the biological characteristics, protein regulatory networks, 
and metabolic abnormal cycles of PCa. Dougan et al. [128] 
analyzed the expression of the PXDN enzyme in PCa tissues 
using immunohistochemistry. They found that its expression 
was increased. Simultaneously, the metabolomics of the tissues 
was analyzed using LC-MS, revealing that PXDN promotes 
PCa progression by inhibiting oxidative stress, which leads to 
decreased apoptosis. PXDN may serve as a biomarker and 
potential therapeutic target for PCa. In another study, research-
ers analyzed PCa tissue proteomics using LC-MS, along with 
metabolomics analysis using MS, and proposed that amino 
acids such as lysine and arginine could play a role in PCa diag-
nosis as biomarkers, and that ceramides and sphingomyelins 
could help with prognosis [129]. Combined analysis of PCa 
tissues using proteomics–metabolomics can identify proteins 
or metabolites associated with PCa more precisely, which is a 
new direction for researchers to gain insight into the molecular 
mechanisms and pathological features of prostate tumors. 
Several findings in this area could provide new support for 
personalized treatment of patients.

(3) Transcriptomics–metabolomics
The combination of transcriptomics and metabolomics is a 

new and more cutting-edge approach to studying PCa. Through 
this approach, researchers can reveal the interactions between 
transcriptional regulation and metabolic pathways to discover 
potential biomarkers and therapeutic targets for PCa, helping 
to build a network of molecular mechanisms of the disease and 
advancing PCa research. In one study, researchers analyzed the 
NMR metabolic profiles of patients with different grades of PCa 
guided by transcriptional profiling and found that the levels of 
glucose, glycine, and 1-methyl nicotinamide of the patients 
showed significant changes in energy metabolism pathways 
[130]. Ren et al. [131] analyzed the patient’s PCa tissues and 
adjacent noncancerous tissues with transcriptomics and metab-
olomics, integrated analysis of PCa tissues and noncancerous 
tissues, proposed molecular interference mapping, identified 
multiple metabolic abnormal pathways, resolved the meta-
bolic mechanism of PCa, and discovered multiple potential 
biomarkers. Shao et al. [132] used gas chromatography-mass 
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spectrometry (GS-MS) and RNA-Seq to investigate the meta-
bolic abnormalities in prostate tumors and adjacent normal 
sites at the molecular level to reveal the pathological mecha-
nisms of abnormal metabolic pathways in PCa. Based on com-
prehensive molecular network analysis, it was found that the 
tricarboxylic acid cycle was hyperactivated in PCa tissues with 
elevated expression levels of branched-chain amino acid deg-
radation genes and was closely related to the tricarboxylic acid 
cycle pathway. By combining transcriptomics and metabolo-
mics, researchers can not only find the abnormal manifesta-
tions of PCa at the level of metabolite phenotype but also 
analyze the gene transcription mechanism of abnormal metab-
olism in-depth and obtain more accurate results from the com-
prehensive analysis of both metabolite production and gene 
expression, which can help to guide the diagnosis and treatment 
of PCa in the clinic (Fig. 7).

Artificial intelligence analysis
With the continuous development of computer technology and 
the accumulation of big data patterns, artificial intelligence has 
become an efficient tool for solving complex problems, especially 
when facing massive data, as a new research method in scientific 
research. Machine learning is a commonly used technical tool 
in the field of artificial intelligence, which does not require 
explicit programming, and after building a model, the computer 
can automatically learn and improve the model according to the 
feedback of data and finally get the most optimized results. In 
PCa research, people can use all kinds of histological data to 

analyze PCa tissues or cells extensively. In the face of massive 
histological data, machine learning models can analyze their 
patterns, mine potential biomarkers, and contribute to personal-
ized diagnosis and prognosis assessment for patients.

Machine learning can discover potential biomarkers from 
high-throughput biological data. In PCa research, potential 
biomarkers are mainly obtained by using data from genomics, 
transcriptomics, proteomics, and metabolomics to build appro-
priate machine learning models and analyze them. There have 
been many studies on deep learning of datasets based on 
genomics and transcriptomics to obtain genes related to patho-
logical features and molecular mechanisms of PCa. Wu et al. 
[133] constructed gene expression prediction models for dis-
covering potential causative genes for PCa, trained and 
analyzed the model’s performance using TCGA data, and 
finally found 137 genes that had a significant association with 
PCa, including 94 potential genes. The researchers also silenced 
14 of these genes and found that the viability of cancer cells 
after gene silencing was significantly reduced, which further 
validated the accuracy of the machine learning model and 
proved that the machine learning method can locate genes 
associated with PCa with high accuracy. In machine learning, 
it is beneficial to analyze datasets using multiple features at the 
same time to produce more comprehensive results. In a study, 
researchers took advantage of the similarity of DNA molecular 
repair pathways between PCa and ovarian and breast cancer 
tumor cells to analyze multiple datasets by building a super-
vised deep learning model, and cross-cancer learning revealed 

Fig. 7. Summary dendrogram of methods used to discover new PCa biomarkers.
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that ADIRF, SLC2A5, C3orf86, and HSPA1B could be applied 
as biomarkers in the clinical diagnosis of PCa [134]. In clinical 
diagnosis, the introduction of machine learning methods can 
help the discovery of PCa biomarkers, which is important for 
both patients and healthcare organizations. Singireddy et al. 
[135] addressed the high resolution of RNA-Seq and combined 
it with machine learning techniques to discover the most dis-
criminative transcripts for different stages of PCa, and used the 
above transcripts to further build a classification model, 
which can differentiate the stage of PCa progression. Liquid 
biopsy refers to the method of detection by analyzing the sub-
stances in body fluid samples, which is noninvasive and more 
advantageous in clinical detection than traditional tissue biopsy. 
Many studies have pointed out that machine learning can, by 
analyzing samples in conjunction with liquid biopsies, delve into 
abnormal molecular sites in PCa. Penney et al. [136] found that 
abnormalities in 25 metabolites, including 3-phosphoglyceric 
acid, were positively correlated with the Gleason score and could 
distinguish between prostate tumors and normal prostate tissues. 
Similarly, in another study, researchers built a machine learning 
model based on six protein variables and five clinical variables, 
and through continuous optimization, the model could distin-
guish PCa from prostate hyperplasia [137]. In addition to serum, 
machine learning models can also be applied to urine samples 
and analysis, which provide information for PCa diagnosis. 
Chen et al. [138] analyzed urine samples from PCa patients by 
constructing a model using Raman spectroscopy and convolu-
tional neural network algorithms. Through the detection and 
analysis of Raman spectroscopy and the simulation and valida-
tion of convolutional neural networks, they found multiple 
potential biomarkers and proved that this method can be used 
to diagnose PCa. The study by Prestagiacomo et al. [139] con-
structed machine learning algorithm models of urine secretions 
(mainly proteins) from patients with PCa and patients with BPH 
and, after cross-validation analysis, found that sema7A and 
SPARC performed well and accurately in the models, and can 
be applied as potential biomarkers for PCa in clinical urine 
biopsy PCa diagnosis.

Prognostic biomarkers for PCa can monitor and predict the 
disease progression of patients, help doctors assess the disease 
development trend and survival time expectation of PCa 
patients, develop personalized treatment plans for patients, and 
provide precision medicine. Machine learning can efficiently 
process large amounts of biological data to discover potential 
associations and patterns, and the incorporation of machine 
learning techniques into PCa prognostic studies can help dis-
cover potential prognostic biomarkers and can further con-
struct predictive models to forecast the future progression of a 
patient’s disease. A recent study in 2023 has identified a new 
biomarker for PCa by using proteomics data to develop support 
vector machines and artificial neural network frameworks, and 
identified a biomarker consisting of 16 proteins that can predict 
the sensitivity to anticancer drugs with an accuracy of about 
92% [140]. The prognosis of PCa patients in terms of good 
health and survival is an important data in prognostic assess-
ment, which is of great significance for the selection of treat-
ment options. How to analyze the prognostic level of patients 
from the perspective of biomarkers is an important part of 
clinical research in PCa, and machine learning as a novel 
research method can help in this regard. Samaržija et al. [141] 
found that the Gleason score has a close association with the 
prognostic survival of PCa by using the recursive partitioning 

method using the TCGA data. Increased expression levels of 
SERINIC3 and CSAD improved prognosis. Even after receiving 
tumor treatment, PCa may still recur. Relevant studies have 
shown that the recurrence of PCa is associated with many fac-
tors. The use of machine learning tools to uncover biomarkers 
related to cancer recurrence is important in the optimization 
of clinical treatments. A cutting-edge study identified many criti-
cal gene pathways associated with the biochemical recurrence of 
PCa by constructing a deep learning recurrence-sensitive model, 
and the model can provide early prediction of patients’ recur-
rence risk [142]. Tong et al. [143] evaluated prognostic biomark-
ers of PCa using a protein–protein interaction network and 
validated the screening process using univariate regression 
analysis, which ultimately identified genes highly associated 
with PCa prognostic factor constructs, including UBE2C and 
CCNB1. In addition, Qiao et al. [144] established a support 
vector machine model to analyze PCa genomic data and dem-
onstrated that MYLK is a powerful biomarker for BCR in PCa. 
In summary, machine learning, as a novel research method, can 
process a large amount of complex biological data, discover 
potential prognostic biomarkers, construct predictive models, 
which is important for predicting patient survival and recur-
rence, and provide new and powerful support for the determi-
nation and optimization of personalized treatment plans.

Research on the Application of Biomarkers in 
Targeted Therapy and Diagnostics
Currently, PSA combined with digital rectal examination is still 
the most used method for early PCa screening in hospitals. 
Although many biomarkers have been helpful in detecting PCa, 
PSA is still the most frequently used detection index in hospi-
tals. Serum PSA levels and CTC-based PSA mRNA concentra-
tions were linearly plotted. Only PSA gene detected samples 
were plotted in dark green, blue, and purple and used for 
Spearman correlation coefficient calculations [145]. However, 
PSA is not a specific PCa biomarker; other prostate inflamma-
tion can also lead to increased PSA levels. Many noncancer 
men have elevated PSA levels (false-positive results), while 
some men with normal PSA levels were later diagnosed with 
PCa (false adverse effects) [146]. Therefore, the wide applica-
tion of the PSA test may increase unnecessary prostate biopsies 
and cause the problem of overdiagnosis [147]. PHI, 4Kscore, 
and other parameters are often used as supplementary means 
of PSA detection in clinics, among which fPSA has been proven 
to improve the accuracy of PSA detection and reduce unneces-
sary prostate biopsy and is widely used in early detection of 
PCa [148]. Although targeted therapy for PSA is not common, 
PSA is often used as an essential biomarker to detect PCa, 
which can assist in the formulation of treatment plans and 
prognosis evaluation.

Besides PSA, PSMA, a membrane protein highly expressed 
in PCa cells, has been widely used in targeted therapy and diag-
nosis of PCa. PSMA can be used as an auxiliary method to 
stratify the risk of PCa. The expression of PSMA in PCa with 
Gleason score grade 3 is low, while grade 4 is high. The sensitiv-
ity and specificity of PSMA in detecting PCa are 84.1% and 
95.2%, respectively, which indicates that PSMA plays an essen-
tial role in the pre-diagnosis and stratification of PCa and can 
help doctors clear the tumor classification and formulate appro-
priate treatment plans [149]. PSMA targeted therapy has 
attracted much attention as an excellent PCa biomarker. PSMA 
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targeted therapy includes radioligand therapy, antibody con-
jugate therapy, and cellular immunotherapy [150], among 
which 177Lu-labeled PSMA radioligand therapy (177Lu-PSMA 
RLT) has been proved to have antitumor activity and safety, 
which can prolong the overall survival and progression-free sur-
vival of patients [151]. Through PSMA targeting nanoparticles, 
docetaxel can be selectively delivered to PCa tumors, showing 
significant therapeutic effects [152]. In addition, PSMA is often 
used for targeted PCa imaging by PET/CT, and 68Ga-labeled 
PSMA-11 PET/CT can be used for tumor localization, treat-
ment of response evaluation’s disease, and disease recurrence 
monitoring. The positive rate of 68Ga-PSMA-11 PET/CT was 
53.6% in patients with PCa whose serum PSA level decreased 
after radical treatment, and it was related to the clinical stage 
of biochemical recurrence [153]. For patients with early bio-
chemical recurrence after prostatectomy, the study showed that 
68Ga-PSMA-11 PET/CT greatly influenced the follow-up treat-
ment scheme of 19% of patients and particularly affected 30% 
of patients. This detection can improve the individualized treat-
ment scheme selection of patients with biochemical recurrence 
after radical prostatectomy [154].

PSA and PSMA imaging are still the main biomarkers widely 
used in clinics, but AR, as a new biomarker, shows essential 
research and application prospects. Antiandrogen therapy can 

inhibit the proliferation of PCa cells by targeting AR, which is 
an essential basis for treating advanced PCa. In the last 10 years, 
various new hormone therapies have been applied in the treat-
ment of PCa with castration sensitivity and metastatic castration 
resistance [25]. Their mechanisms of action are that abiraterone 
prevents androgen biosynthesis, and enzalutamide, apalutamide, 
and darolutamide inhibit AR translocation to the nucleus (Fig. 8) 
[25]. Studies have shown that lowering the testosterone level 
below 20 ng/dl can improve patients’ survival rate and delay the 
disease’s progress [155]. However, about one-third of patients 
showed primary resistance to AR-targeted drugs, and these 
patients were classified as castration-resistant prostate cancer 
(CRPC) [156]. The study also examined the response of CRPC 
to AR-targeted therapy. The splice variant of AR (AR-Vs) is con-
sidered a potentially important biomarker in PCa research 
[157]. Detecting the expression of AR-V7 in CTCs can affect 
the individualized treatment decision of CRPC [158]. Studies 
have shown that for patients with AR-V7-positive CRPC, taxol 
drugs can achieve a more prolonged overall survival than AR 
signaling pathway inhibitors. In contrast, for patients with 
AR-V7-negative CRPC, the application of AR signaling pathway 
inhibitors is better [159]. By detecting the status of AR-V7 to 
guide whether to choose AR signaling pathway inhibitors or 
paclitaxel drugs for treatment, the survival time of CRPC 

Fig. 8. Androgen signaling through AR. T converted to active dihydrotestosterone (DHT) by 5α-reductase. Androgens bind AR, dissociating chaperones like heat shock proteins 
(HSPs). Ligand-bound AR homodimers translocate to the nucleus, bind androgen response elements (AREs), and regulate gene expression. Drugs: Abiraterone inhibits CYP17, 
blocking androgen synthesis; flutamide and bicalutamide reversibly and enzalutamide, apalutamide, and darolutamide irreversibly prevent androgen binding to AR [25]. 
Copyright 2021, Cell.
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patients can be prolonged compared with the treatment decision 
without knowing the quality of AR-V7 [160].

At the cellular level, CTCs have shown good diagnostic 
and therapeutic effect prediction value in PCa clinical trials 
(Fig. 9). CTC detection can be used for prognosis evaluation, 
treatment response monitoring, and disease progression judg-
ment of PCa. They can also be used to evaluate tumor invasion 
and metastasis potential and acquired drug resistance to spe-
cific treatments. Although the clinical effect of CTC detection 
in PCa screening has yet to be verified, many studies have con-
firmed that the increase of CTC counts at baseline in metastatic 
PCa is related to poor prognosis. CTCs can be separated and 
enriched by antigen methods and detected by flow cytometry, 
which can obtain the prognostic value of PCa patients. CTC 
count is inversely related to the overall survival of patients, and 
the increase of CTC level often reflects the poor curative effect 
of the tumor on current treatment and the progress of patients 
[161]. In addition, CTC analysis can also evaluate the charac-
teristics of patients’ genetic or acquired drug resistance to spe-
cific therapies, and guide the subsequent adjustment of precise 
treatment schemes [162]. At present, the CTC detection tech-
nology platform has developed rapidly. It has been partially 
commercialized, including the method of CTC enrichment and 
detection based on cell surface antigens or their physical prop-
erties. Among them, the application of microfluidic chip tech-
nology for CTC detection is considered a very promising 
research direction [163].

At present, PCa diagnostic methods, especially cancer cell 
identification, still have the problems of complicated detection 
operation and limited accuracy of detection results. In one study, 
researchers developed a molecular imaging method of multi-
spectral deep ultraviolet (UV) microscopy, which uniquely 
identified basal cells, cavity cells, and inflammatory cells using 
the rich molecular information of unlabeled multi-spectral UV 
microscope. It can accurately and effectively identify benign and 
malignant glands, and has high fidelity without any staining 
procedures [164]. Terahertz wave is an electromagnetic wave 
with a frequency in the range of 0.1 to 10 THz, which has low 
ionization energy and is used for tissue imaging and spectral 
biomarker detection in the clinic. Terahertz spectroscopy is 
considered to be an effective tool for component analysis of 

tissue samples to identify cancer biomarkers, and it has great 
application potential [165].

Conventional PCa diagnostic techniques, such as rectal 
examination, transrectal ultrasound, gray-scale ultrasound, and 
PET/CT, tend to suffer from certain shortcomings: Low-cost 
methods that are simple and easy to perform leave much to be 
desired in terms of sensitivity, whereas high-sensitivity tech-
niques are usually more expensive [166]. As a result, researchers 
have begun to work on the development of smart analytical 
devices as a low-cost, high-sensitivity alternative for the detec-
tion of PCa. Several researchers have developed novel tools for 
immediate detection and bedside diagnostics: Uludag et al. 
[167] developed a novel integrated and fully automated micro-
chip biosensor (MiSens) for the detection of PSA levels in 
serum. Annese et al. [168] reported on a microelectronic chem-
istry platform capable of measuring four metabolite biomarkers 
in human plasma in less than 2 min (Fig. 10). In addition to 
microchip sensors, nanomaterial-modified disposable screen-
printed electrodes have also made significant progress in PCa 
detection, mostly for PSA detection [43], and only a few studies 
have reported the detection of PSMA [169,170].

In terms of optical biosensors, Jang et al. [171] constructed 
a PSA-α SPR biosensor for the detection of monoclonal anti-
bodies in PCa cells, and Ertürk et al. [172] prepared a SPR 
biosensor for the detection of PSA in clinical samples by micro-
contact printing, which has the advantages of less inactivation 
of biorecognition molecules and a very small amount of sam-
ples required. In addition, although most of the intelligent 
analytical devices are based on blood detection, Khan et al. 
[173] proposed a paper-based graphene–polymer–gold biosen-
sor, which can be used to detect PSA in saliva samples. The 
biosensor shows 94% concordance with the results of the 
enzyme-linked immunosorbent assay (ELISA) method. It is 
characterized by fast, high sensitivity, and high selectivity, with 
a storage period of approximately 7 weeks.

In addition to the above devices, artificial intelligence-assisted 
diagnosis, microfluidic chip integration, and other technologies 
also have broad application prospects in PCa detection. In sum-
mary, these emerging intelligent analytical devices are expected 
to make up for the shortcomings of the existing diagnostic meth-
ods and provide strong support for the accurate detection of PCa.

Fig.  9.   (A) The potential of CTCs as biomarkers for prognosis and outcomes at various stages of cancer [162]. Copyright 2021, Mol Oncol. (B) CTCs could improve the 
management of cancers in several ways [162]. Copyright 2021, Mol Oncol.
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Probe Application of PCa Biomarkers

In order to achieve high throughput and sensitivity detection 
of PCa biomarkers, the design and application of various spe-
cific binding probes have become a hot spot. These probes are 
mainly constructed according to molecular recognition prin-
ciples such as antigen–antibody reaction and nucleic acid 
complementary pairing, and the target molecules are quantified 
or located by labeling means. It can be said that the discovery 
of PCa-related biomarkers provides an ideal target for the 
design of specific probes, and the targeted probes realize the 
efficient transformation and detection of these potential bio-
markers. Also, there is a typical targeted recognition relation-
ship between biomarkers and corresponding probes. This target 
and probe strategy not only enriches the technical means of 
accurate diagnosis of PCa but also provides the possibility for 
individualized treatment of the disease.

In the detection of PSA, the design of biological probe 
greatly affects the sensitivity and detection limit of the sensor. 
In order to obtain highly sensitive PSA sensors, researchers 
designed different types of biological probes, mainly including 
fluorescent probes and electrochemical probes. In the aspect 
of fluorescent probe, Jin et al. [161] designed a highly sensitive 
fluorescent probe using gold nanoparticles conjugated with 
dyes. Due to the high loading efficiency of dyes on the surface 
of gold nanoparticles and the strong fluorescence quenching 
effect of the dyes, the probe detected ultra-low concentration 
of PSA, with detection limit of 0.032 pg/ml [174]. In the aspect 
of electrochemical probes, Alnaimi et al. [175] constructed a 
label-free electrochemical biosensor by self-assembly of gold 
nanoparticles and DNA probes on a multi-walled carbon 
nanotube-modified electrode, and realized a lower sensitivity 
for PSA detection with a detection limit of 1 pg/ml. Biological 
probe is the key to realize ultra-sensitive detection of PSA. 
Whether it is fluorescent probe or electrochemical probe, using 
gold nanoparticles as probe carrier can significantly improve 
the detection sensitivity and reduce the detection limit of PSA. 
Soltani et al. [164] proves that high sensitivity, wide linear 
range, and low detection limit can be achieved by optimizing 
the design of biological probes. By adding anti-fluorescein Fab 
fragment–peroxidase conjugate and using multiple fluorescein-
labeled hybridization auxiliary probes, the selective capture of 

PSA mRNA can be promoted. At the same time, the introduc-
tion of various oxidoreductases can further enhance the detec-
tion sensitivity [176]. At present, PSA detection probes with 
high sensitivity and specificity are still in great demand for early 
diagnosis and monitoring of PCa.

Hitherto, the application of miRNA as a probe is still in the 
research stage. Research into the detection method of miRNA 
in body fluids or EVs can provide an evaluation of its accuracy 
and feasibility in the early diagnosis of PCa. Deng et al. [177] 
induced the Dirac voltage shift of designed graphene transistor 
(SGGT) transfer curve by hybridizing single-stranded DNA 
(ssDNA) probe with the molecular target of miRNA-21, and 
SGGT biosensor for ultra-sensitive and rapid quantitative 
detection of RNA-21 (Fig. 11A and B). In the clinical diagnosis 
and treatment of PCa, radiotherapy is one of the most common 
definitive treatment options, and miRNA as a probe is also of 
great significance. Studies have shown that miRNA, as an impor-
tant regulator of cellular ionizing radiation (IR) reaction, is 
closely related to the radiosensitivity of many cancers. Liu et al. 
[174] performed miRNA probe hybridization chip analysis and 
found that miR-16-5p enhanced the radiosensitivity of PCa 
cells. This experiment may provide an alternative treatment for 
PCa [178]. In the process of using miRNA as a probe, EVs can 
provide high-precision disease information, especially when 
miRNA is combined with protein. Cho et al. [179] developed a 
method for simultaneous multiple in situ detection of EV 
miRNA and protein using nanomolecular beacons and fluores-
cent dye-coupled antibodies, and simultaneously detected EV 
miRNA and surface proteins in the captured EVs, with high 
specificity (Fig.11C). Cai et al. [180] developed a size-coded 
molecular probe for simultaneous electro-optic nanopore sens-
ing of miRNA, allowing the direct detection of miRNA in serum 
to diagnose PCa (Fig. 11D). The development of miRNA probes 
can pave the way for the next generation of minimally invasive 
diagnosis and accompanying diagnostic tests of PCa.

TMPRSS2-ERG fusion gene event is one of the most common 
chromosome rearrangement events in PCa, and its probe has 
potential application value in the detection of PCa. Shrestha and 
others used hybridization technology to verify that TMPRSS2-
ERG genome rearrangement occurred in prostate lesions, and 
confirmed that using gene rearrangement probes is a powerful 
tool for diagnosing PCa [181]. Gene rearrangement probes are 

Fig. 10. (A) Schematic structure of the microelectronic bedside metabolite biomarker measurement platform, showing a cartridge that requires only a drop of sample for 
measurement, a reader, and a computing device used as a graphical user interface [168]. Copyright 2021, Microsyst. Nanoeng. (B) Sketch of the multifunctional measurement 
cartridge device used in this work [168]. Copyright 2021, Microsyst. Nanoeng.
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also of great significance in the treatment of PCa. Zhou et al. [182] 
used inhibitors to inhibit the genome rearrangement of TMPRSS2-
ERG, and proposed a new treatment strategy for PCa. In addition, 
Blackburn et al. [183] analyzed the data of genome rearrangement 
of various ethnic groups and found that the genome rearrange-
ment of TMPRSS2-ERG is different due to different regions, 
which is expected to realize personalized diagnosis and treatment 
of PCa with this probe. With the in-depth understanding of bio-
logical functions and the continuous development of related 
detection methods, TMPRSS2-ERG gene rearrangement probes 
could become widely used in the clinical management of PCa and 
improve the diagnostic accuracy of PCa.

Sialic acid or glycosylation in glycoprotein modification 
plays an important role in the occurrence and progress of PCa. 
In patients with PCa, sialic acid in some glycosylated proteins 
has changed significantly, which provides potential application 
value as a probe for its diagnosis. Wen et al. [61] proposed that 
the study of sialylation in PCa using a new glucohormonal 
method could determine the potential biomarkers for diagnosis 
and therapeutic targets, and provide a new direction for sialylated 
glycoproteins as a probe.

CK as a probe has important clinical application value for the 
diagnosis of PCa. Liu et al. [184] used IL-6 as a probe to prepare 
a microfluidic bead-based protein extraction (BPE) array chip 
for multiple detection of cancer biomarkers. The detection limit 
is as low as 0.061 pg/ml, which has great application potential in 
clinical analysis. Kalra et al. [185] showed that CKs are an impor-
tant factor in the progress of PCa, so adding CK antagonists may 
be an effective strategy for the new diagnosis and treatment of 
PCa. Using CKs as probes to study PCa, molecular transduction 
process can be tracked [186]. The diversity and specificity of CKs 
make them a potential diagnostic probe for PCa, which is 

expected to improve the accuracy of diagnosis and the imple-
mentation of individualized treatment, thus presenting a new 
perspective in the field of PCa diagnosis.

Radioactive drugs targeting PSMA are very important for 
the diagnosis, evaluation, and treatment of PCa. Radionuclide 
targeted molecular probes are helpful for accurate localization 
and treatment of lesions, especially for metastatic CRPC that 
is ineffective in conventional treatment. The molecular probes 
of PSMA include [68Ga]PSMA, [18F]PSMA, [Al18F]PSMA, 
[99mTc]PSMA, and [89Zr]PSMA, which are widely used for diag-
nosis, and [177Lu]PSMA and [225AC]PSMA for treatment [187]. 
Gallium-68 is a positron radionuclide with a short half-life and 
is used for PET imaging. Generally, 68Ga-labeled PSMA PET 
has high sensitivity and specificity for primary and metastatic 
PCa lesions, which is superior to conventional imaging exami-
nation [188]. Besides radionuclide targeting molecular probes, 
there are also activatable fluorescent probes for targeting 
PSMA. Kawatani et al. [189] designed and synthesized PSMA 
glutamate carboxypeptidase (CP), which can activate a fluo-
rescence detector. The probes can visualize the CP activity of 
PSMA in living cells and clinical specimens of PCa patients, 
and is expected to be used for rapid intraoperative detection 
and diagnosis of PCa.

Fibroblast activating protein (FAP), as a type II transmem-
brane serine protease, is extremely low in normal tissues but 
highly expressed in various solid tumors (including PCa), so it 
is widely studied as a tumor biomarker. Quinoline radionuclide 
probe based on FAP has been designed for imaging and targeted 
therapy, which can make up for the limitation of insufficient 
expression of PSMA in PCa, but its application scope may be 
limited to well-differentiated PCa. On the other hand, alkaline 
phosphatase (ALP), as an important tumor microenvironment 

Fig. 11. (A) Schematic diagram of unamplified detection of label-free miRNA-21 using the ssDNA-functionalized SGGTs biosensor [177]. Copyright 2023, Adv. Sci. (B) Configuration 
of the ssDNA-functionalized SGGT-based miRNA sensor [177]. Copyright 2023, Adv. Sci. (C) Configuration of the ssDNA-functionalized SGGT-based miRNA sensor [179]. 
Copyright 2019, Biosens. Bioelectron. (D) Workflow for detection of miRNAs directly from patient serum [180]. Copyright 2021, Nat. Commun.
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enzyme marker, can significantly promote the progress of PCa. 
Yao et al. [190] developed a mitochondrial-targeted near-
infrared activated fluorescence/photoacoustic (NIR FL/PA) 
probe, which realized efficient detection and localization of 
PCa-derived ALP, and could be used for aggregation-enhanced 
photothermal therapy. Generally speaking, continuously devel-
oping probes targeting multiple tumor markers such as FAP 
and ALP can not only make up for the limitations of single 
targeting but also realize individualized and precise treatment 
of PCa.

Conclusion
The study of biomarkers for diagnosis and prognosis of PCa is 
poised for significant advancements driven by cutting-edge 
technologies. First, a single biomarker has some limitations, 
so the future development direction is to develop a multi-
parameter joint detection system containing multiple biomarkers 
to improve the accuracy of diagnosis and prognosis judgment 
[191,192]. Second, the traditional tissue biopsy is traumatic, 
and the liquid biopsy technology can realize noninvasive 
monitoring by detecting blood or urine samples. Hence, the 
development of liquid biopsy technology is a significant devel-
opment trend, but it still requires combining with the results 
of tissue biopsy to improve accuracy. In addition, using high-
throughput proteomic detection platforms such as gene chips 
and protein chips can unravel new tumor biomarkers more 
comprehensively. The development of radionuclide imaging 
technology is also a promising direction to develop accurate 
medical imaging and treatment targeted by PSMA.

Moving forward, we need to focus on the following cutting-
edge areas: (a) single-cell multi-omics sequencing technologies, 
which hold promise for uncovering novel biomarkers associ-
ated with cellular heterogeneity; (b) artificial intelligence and 
machine learning algorithms that will greatly enhance the mod-
eling and predictive capabilities of multi-parametric biomarker 
models; (c) further optimization of liquid biopsy techniques, 
such as leveraging nanotechnology to improve detection sen-
sitivity, or combining with other imaging modalities for precise 
localization; (d) integrating biomarker discovery with molecu-
lar imaging and targeted therapies to enable molecular-level 
precision diagnostics and personalized treatments.

Furthermore, prospective large-scale multicenter cohort 
studies are crucial for validating the clinical translational poten-
tial of newly discovered biomarkers. Another interesting pros-
pect is the development of cell-free therapies using mesenchymal 
stem cell (MSC)-derived EVs. EVs can carry miRNAs, mRNAs, 
peptides, proteins, and CKs from MSCs to recipient cells, medi-
ate intercellular communication, and promote the repair of 
damaged or diseased tissues and organs. Studies have shown 
that MSC EVs alone can realize the therapeutic potential of 
MSC. Therefore, the manipulation and application of MSC-
derived EVs is expected to be a novel cell-free therapeutic 
modality for a wide range of diseases, such as cardiac, renal, 
hepatic, immune, and neurological disorders, as well as skin 
wound healing. Compared with live-cell delivery, MSC EVs are 
more stable and have reduced safety risks such as microvascular 
occlusion [193]. In addition, understanding the epidemiology 
and risk factors for some common surgical complications is 
essential to guide clinical management. For example, symp-
tomatic urinary tract infection is a common complication after 
in situ neobladder urinary diversion, most often occurring in 

the first 3 months after surgery, with Pseudomonas aeruginosa 
as one of the main pathogens. Studies have shown that the risk 
of infection is not significantly affected by factors such as age 
and sex of the patient. Empirical treatment with amikacin 
antibiotics, which are effective against Pseudomonas aerugi-
nosa, is recommended for these hospitalized patients [194]. 
Incorporating bioinformatics and artificial intelligence technol-
ogy to establish an intelligent PCa diagnosis and early warning 
system and using big data to integrate and analyze massive 
detection information will also significantly improve the effi-
ciency of diagnosis and prediction. Streamlining biomarker 
detection workflows and facilitating their efficient translation 
from the laboratory to the clinic will expedite the realization 
of precision medicine. Finally, the study of biomarkers needs 
the close cooperation of medicine, biology, laboratory medi-
cine, computational biology, and other disciplines to obtain a 
formidable synergistic approach and emphasize the transfor-
mational application from laboratory to clinic. Interdisciplinary 
collaboration is vital for propelling advancements in this field 
and ensuring the rapid clinical implementation of novel bio-
markers. This will enable newly discovered biomarkers to serve 
the clinic as soon as possible and genuinely realize the change 
from empirical medicine to precision medicine. Many newly 
discovered biomarkers cannot be used for the diagnosis and 
prognosis of PCa alone but usually need to be combined with 
other examination and evaluation methods, such as pathologi-
cal biopsy and imaging (such as ultrasound, MRI, or CT scan-
ning). The research on PCa biomarkers offers new opportunities, 
and interdisciplinary and transformational application is the 
future development direction.

The study of biomarkers necessitates close collaboration 
across disciplines including medicine, biology, experimental 
medicine, and computational biology to harness a formidable 
synergistic capability. Fundamental medical and biological 
research lays the theoretical groundwork for biomarker discov-
ery. Clinical medicine provides invaluable pathological cases 
and clinical data. Experimental medicine is responsible for bio-
marker detection and evaluation, while computational biology 
contributes algorithmic support for high-throughput data analysis 
and biomarker integration modeling. The diverse disciplines play 
pivotal roles throughout the biomarker discovery, validation, 
and clinical translation pipeline. Consequently, strengthening 
interdisciplinary team collaboration is crucial for propelling 
advancements in this field.

Furthermore, we should strive to streamline biomarker 
detection workflows and facilitate their efficient translation 
from the laboratory to the clinic. This will enable newly dis-
covered biomarkers to expeditiously serve clinical applications, 
genuinely realizing the transition from empirical medicine to 
precision medicine. Large-scale, multicenter prospective cohort 
studies are also a future priority to further substantiate the clini-
cal translational value of biomarkers.

Acknowledgments
We thank the Analysis and Testing Center of Beijing Institute 
of Technology.
Funding: This research was funded by the National Natural 
Science Foundation of China (32101153), Young Elite Scientists 
Sponsorship Program by BATSA (BYESS2023244) and the 
Beijing Institute of Technology Research Fund Program for 
Young Scholars.

https://doi.org/10.34133/cbsystems.0129


Li et al. 2024 | https://doi.org/10.34133/cbsystems.0129 18

Author contributions: Conceptualization: K.L., J.Z., and Z.Y. 
Writing—original draft preparation: K.L. and Q.W. Writing—
review and editing: K.L., X.T., R.L., and J.Z. Supervision: R.L., 
Y.W., and R.Z. Funding acquisition: J.Z. and Z.Y. All authors have 
read and agreed to the published version of the manuscript.
Competing interests: The authors declare that they have no 
competing interests.

References

	 1.	 Rawla PJW. Epidemiology of prostate cancer. World J Oncol. 
2019;10(2):63.

	 2.	 Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram I,  
Jemal A, Bray FJC. Global cancer statistics 2020: 
GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. Cancer J Clin. 
2021;71(3):209–249.

	 3.	 Lazzeri M, Haese A, de la Taille A, Redorta JP, McNicholas T, 
Lughezzani G, Scattoni V, Bini V, Freschi M, Sussman AJE, 
et al. Serum isoform [− 2] ProPSA derivatives significantly 
improve prediction of prostate cancer at initial biopsy in a 
Total PSA range of 2–10 ng/ml: A multicentric European 
study. Eur Urol. 2013;63(6):986–994.

	 4.	 Rajput AB, Miller MA, De Luca A, Boyd N, Leung S, 
Hurtado-Coll A, Fazli L, Jones EC, Palmer JB, Gleave MEJJ. 
Frequency of the TMPRSS2: ERG gene fusion is increased 
in moderate to poorly differentiated prostate cancers. J Clin 
Pathol. 2007;60(11):1238–1243.

	 5.	 Yaman Agaoglu F, Kovancilar M, Dizdar Y, Darendeliler E, 
Holdenrieder S, Dalay N, Gezer UJTB. Investigation of MiR-
21, MiR-141, and MiR-221 in blood circulation of patients 
with prostate cancer. Tumour Biol. 2011;32:583–588.

	 6.	 Packer JR, Maitland NJJB. The molecular and cellular 
origin of human prostate cancer. Biochim Biophys Acta. 
2016;1863(6):1238–1260.

	 7.	 Wang Z, Wang Y, Peng M, Yi LJF. UBASH3B is a novel 
prognostic biomarker and correlated with immune infiltrates 
in prostate cancer. Front Oncol. 2020;9:1517.

	 8.	 Zoma M, Curti L, Shinde D, Albino D, Mitra A, Sgrignani J,  
Mapelli SN, Sandrini G, Civenni G, Merulla JJNC, et al. EZH2- 
induced lysine K362 methylation enhances TMPRSS2-ERG 
oncogenic activity in prostate cancer. Nat Commun. 
2021;12(1):4147.

	 9.	 Petrovics G, Liu A, Shaheduzzaman S, Furasato B, Sun C, 
Chen Y, Nau M, Ravindranath L, Chen Y, Dobi AJO, et al. 
Frequent overexpression of ETS-related gene-1 (ERG1)  
in prostate cancer transcriptome. Oncogene. 2005;24(23): 
3847–3852.

	 10.	 Tomlins SA, Aubin SM, Siddiqui J, Lonigro RJ, Sefton-Miller L,  
Miick S, Williamsen S, Hodge P, Meinke J, Blase AJS, et al. 
Urine TMPRSS2: ERG fusion transcript stratifies prostate 
cancer risk in men with elevated serum PSA. Sci Transl Med. 
2011;3(94):94ra72-94ra72.

	 11.	 Kong D-P, Chen R, Zhang C-L, Zhang W, Xiao G-A, Wang F-B,  
Ta N, Gao X, Sun Y-HJAJ. Prevalence and clinical application 
of TMPRSS2-ERG fusion in Asian prostate cancer patients: A 
large-sample study in Chinese people and a systematic review. 
Asian J Androl. 2020;22(2):200–207.

	 12.	 Ricoult SJ, Yecies JL, Ben-Sahra I, Manning BDJO. Oncogenic 
PI3K and K-Ras stimulate de novo lipid synthesis through 
mTORC1 and SREBP. Oncogene. 2016;35(10):1250–1260.

	 13.	 Fang L, Li D, Yin J, Pan H, Ye H, Bowman J, Capaldo B,  
Kelly KJC. TMPRSS2-ERG promotes the initiation of prostate 
cancer by suppressing oncogene-induced senescence. Cancer 
Gene Ther. 2022;29(10):1463–1476.

	 14.	 Welcsh PL, King M-CJH. BRCA1 and BRCA2 and the 
genetics of breast and ovarian cancer. Hum Mol Genet. 
2001;10(7):705–713.

	 15.	 Lieberman R, Nelson WG, Sakr WA, Meyskens FL Jr, Klein EA,  
Wilding G, Partin AW, Lee JJ, Lippman SMJU. Executive 
summary of the National Cancer Institute workshop: Highlights 
and recommendations. Cancer Cell. 2001;57(4):4–27.

	 16.	 Messina C, Cattrini C, Soldato D, Vallome G, Caffo O,  
Castro E, Olmos D, Boccardo F, Zanardi EJJ. BRCA 
mutations in prostate cancer: Prognostic and predictive 
implications. J Clin Oncol. 2020;2020:4986365.

	 17.	 Lozano R, Castro E, Lopez-Campos F, Thorne H,  
Ramirez-Backhaus M, Aragon IM, Cendón-Florez Y, 
Gutierrez-Pecharroman A, Salles DC, Romero-Laorden NJEJ, 
et al. Impact of concurrent tumour events on the prostate 
cancer outcomes of germline BRCA2 mutation carriers. 
Cancer. 2023;185:105–118.

	 18.	 Tamang S, Acharya V, Roy D, Sharma R, Aryaa A, Sharma U,  
Khandelwal A, Prakash H, Vasquez KM, Jain AJF, et al. 
SNHG12: An LncRNA as a potential therapeutic target and 
biomarker for human cancer. Front Oncol. 2019;9:901.

	 19.	 Cheng G, Song Z, Liu Y, Xiao H, Ruan H, Cao Q, Wang K,  
Xiao W, Xiong Z, Liu DJJ, et al. Long noncoding RNA 
SNHG12 indicates the prognosis of prostate cancer and 
accelerates tumorigenesis via sponging MiR-133b. J Cell 
Physiol. 2020;235(2):1235–1246.

	 20.	 Jin XJ, Chen XJ, Zhang ZF, Hu WS, Ou RY, Li S, Xue JS,  
Chen LL, Hu Y, Zhu HJJ, et al. Long noncoding RNA 
SNHG12 promotes the progression of cervical cancer 
via modulating MiR-125b/STAT3 Axis. J Cell Physiol. 
2019;234(5):6624–6632.

	 21.	 Zhou S, Yu L, Xiong M, Dai GJB. LncRNA SNHG12 
promotes tumorigenesis and metastasis in osteosarcoma 
by upregulating Notch2 by sponging MiR-195-5p. Biochem 
Biophys Res Commun. 2018;495(2):1822–1832.

	 22.	 Gerhauser C, Favero F, Risch T, Simon R, Feuerbach L, 
Assenov Y, Heckmann D, Sidiropoulos N, Waszak SM, 
Hübschmann DJC, et al. Molecular evolution of early-onset 
prostate cancer identifies molecular risk markers and clinical 
trajectories. Cancer Cell. 2018;34(6):996–1011.e8.

	 23.	 Shafi AA, Yen AE, Weigel NLJP. Therapeutics, androgen 
receptors in hormone-dependent and castration-resistant 
prostate cancer. Pharmacol Ther. 2013;140(3):223–238.

	 24.	 Westaby D, Fenor de La Maza M, Paschalis A, Jimenez-Vacas JM,  
Welti J, de Bono J, Sharp A. A new old target: Androgen receptor 
signaling and advanced prostate cancer. Annu Rev Pharmacol 
Toxicol 2022, 62, 131-153.

	 25.	 Conteduca V, Mosca A, Brighi N, de Giorgi U, Rescigno PJC. 
New prognostic biomarkers in metastatic castration-resistant 
prostate cancer. Cell. 2021;10(1):193.

	 26.	 Moura F, Sampaio L, Kobayashi P, Laufer-Amorim R, 
Ferreira JC, Watanabe TTN, Fonseca-Alves CEJB. Structural 
and ultrastructural morphological evaluation of Giant 
anteater (Myrmecophaga Tridactyla) prostate gland. Biology. 
2021;10(3):231.

	 27.	 Wang M, Valenzuela L, Murphy G, Chu TJI. Purification 
of a human prostate specific antigen. Investig Clin Urol. 
1979;17(2):159–163.

https://doi.org/10.34133/cbsystems.0129


Li et al. 2024 | https://doi.org/10.34133/cbsystems.0129 19

	 28.	 Papsidero LD, Wang MC, Valenzuela LA, Murphy GP,  
Chu TMJC. A prostate antigen in sera of prostatic cancer 
patients. Cancer Res. 1980;40(7):2428–2432.

	 29.	 Kuriyama M, Wang MC, Papsidero LD, Killian CS, Shimano T,  
Valenzuela L, Nishiura T, Murphy GP, Chu TMJC. Quantitation 
of prostate-specific antigen in serum by a sensitive enzyme 
immunoassay. Cancer Res. 1980;40(12):4658–4662.

	 30.	 Kuriyama M, Wang MC, C-l L, Papsidero LD, Killian CS, 
Inaji H, Slack NH, Nishiura T, Murphy GP, Chu TMJC. Use 
of human prostate-specific antigen in monitoring prostate 
cancer. Cancer Res. 1981;41(10):3874–3876.

	 31.	 Catalona WJ, Smith DS, Ratliff TL, Dodds KM, Coplen DE,  
Yuan JJ, Petros JA, Andriole GLJNE. Measurement of 
prostate-specific antigen in serum as a screening test for 
prostate cancer. N Engl J Med. 1991;324(17):1156–1161.

	 32.	 Liang H, Wang X, Li F, Xie Y, Shen J, Wang X, Huang Y, Lin S, 
Chen J, Zhang LJB, et al. Bioelectronics, label-free plasmonic 
metasensing of PSA and exosomes in serum for rapid 
high-sensitivity diagnosis of early prostate cancer. Biosens 
Bioelectron. 2023;235:Article 115380.

	 33.	 Singh B, Ma S, Hara TO, Singh SJAMT. Nanomaterials-
based biosensors for the detection of prostate cancer 
biomarkers: Recent trends and future perspective. Adv Mater. 
2023;8(13):2201860.

	 34.	 Sanda MG, Cadeddu JA, Kirkby E, Chen RC, Crispino T, 
Fontanarosa J, Freedland SJ, Greene K, Klotz LH,  
Makarov DVJTJ, et al. Clinically localized prostate cancer: 
AUA/ASTRO/SUO guideline. Part I: Risk stratification, 
shared decision making, and care options. J Urol. 
2018;199(3):683–690.

	 35.	 Jia L, Strand DW, Goueli RS, Gahan JC, Roehrborn CG, 
Mauck RJJTP. PSA density is associated with BPH cellular 
composition. Prostate. 2022;82(12):1162–1169.

	 36.	 Duffy MJJCC, Medicine L. Biomarkers for prostate cancer: 
Prostate-specific antigen and beyond. Clin Chem Lab Med. 
2020;58(3):326–339.

	 37.	 Stenman U-H, Leinonen J, Alfthan H, Rannikko S, Tuhkanen K,  
Alfthan OJC. A complex between prostate-specific antigen and 
α1-antichymotrypsin is the major form of prostate-specific 
antigen in serum of patients with prostatic cancer: Assay of the 
complex improves clinical sensitivity for cancer. Cancer Res. 
1991;51(1):222–226.

	 38.	 Huang Y, Li Z-Z, Huang Y-L, Song H-J, Wang Y-JJM. Value of 
free/total prostate-specific antigen (f/t PSA) ratios for prostate 
cancer detection in patients with total serum prostate-specific 
antigen between 4 and 10 ng/mL: A meta-analysis. Medicine. 
2018;97(13):Article e0249.

	 39.	 Filella X, Gimenez NJCC, Medicine L. Evaluation of [− 2] 
ProPSA and prostate health index (phi) for the detection of 
prostate cancer: A systematic review and meta-analysis. Clin 
Chem Lab Med. 2013;51(4):729–739.

	 40.	 Opoku Mensah B, Fondjo LA, Owiredu W, Adusei BJDM.  
Urinary PCA3 a superior diagnostic biomarker for prostate 
cancer among Ghanaian men. Dis Markers. 2022;2022:1686991.

	 41.	 Liu R, Ye X, Cui TJR. Recent progress of biomarker detection 
sensors. Research. 2020;2020:7949037.

	 42.	 Prokhnevska N, Emerson D, Kissick HT, Redmond WL.  
Immunological complexity of the prostate cancer 
microenvironment influences the response to 
immunotherapy. Adv Exp Med Biol. 2019;1210:121–147.

	 43.	 Kabay G, Yin Y, Singh CK, Ahmad N, Gunasekaran S, 
Mutlu MJS, Chemical AB. Disposable electrochemical 

immunosensor for prostate cancer detection. Sens Actuators B 
Chem. 2022;360:Article 131667.

	 44.	 Esen B, Herrmann K, Bavbek S, Kordan Y, Tilki D, Esen TJE.  
Prostate-specific membrane antigen positron emission 
tomography as a biomarker to assess treatment response 
in patients with advanced prostate cancer. Eur Urol Focus. 
2023;9(4):596–605.

	 45.	 Farolfi A, Calderoni L, Mattana F, Mei R, Telo S, Fanti S, 
Castellucci PJJ. Current and emerging clinical applications 
of PSMA PET diagnostic imaging for prostate cancer. J Nucl 
Med. 2021;62(5):596–604.

	 46.	 Woythal N, Arsenic R, Kempkensteffen C, Miller K,  
Janssen J-C, Huang K, Makowski MR, Brenner W, Prasad VJJ.  
Immunohistochemical validation of PSMA expression 
measured by 68Ga-PSMA PET/CT in primary prostate cancer. 
J Nucl Med. 2018;59(2):238–243.

	 47.	 von Eyben FE, Picchio M, von Eyben R, Rhee H, Bauman GJE.  
68Ga-labeled prostate-specific membrane antigen ligand 
positron emission tomography/computed tomography for 
prostate cancer: A systematic review and meta-analysis. Eur 
Urol Focus. 2018;4(5):686–693.

	 48.	 Ferdinandus J, Violet J, Sandhu S, Hicks RJ, Ravi Kumar AS, 
Iravani A, Kong G, Akhurst T, Thang SP, Murphy DGJE, et al.  
Prognostic biomarkers in men with metastatic castration-
resistant prostate cancer receiving [177Lu]-PSMA-617. Eur J 
Nucl Med Mol Imaging. 2020;47(10):2322–2327.

	 49.	 Li K, Luan Q, Zheng J, Li R, Li L, Sun Y, Liu DJAR. Clinical 
value of magnetic resonance imaging combined with serum 
prostate-specific antigen, epithelial cadherin and early 
prostate cancer antigen 2 in diagnosis of prostate cancer. 
Anticancer Res. 2023;43(1):441–447.

	 50.	 Pourmand G, Safavi M, Ahmadi A, Houdeh E, Noori M, 
Mashhadi R, Alizadeh F, Salimi E, Heydari F, Mehrsai AJU, 
et al. 22: A silver lining for early diagnosis of prostate cancer. 
Urology. 2016;13(5):2845.

	 51.	 Montes M, MacKenzie L, McAllister MJ, Roseweir A,  
McCall P, Hatziieremia S, Underwood MA, Boyd M, Paul A, 
Plevin RJTP, et al. Determining the prognostic significance of 
IKKα in prostate cancer. Prostate. 2020;80(14):1188–1202.

	 52.	 Inoue T, Ota M, Mikoshiba K, Aruga JJD. Zic2 and Zic3 
synergistically control neurulation and segmentation 
of paraxial mesoderm in mouse embryo. Dev Biol. 
2007;306(2):669–684.

	 53.	 Lv Z, Qi L, Hu X, Mo M, Jiang H, Fan B, Li YJF. ZIC family 
member 2 (ZIC2): A potential diagnostic and prognostic 
biomarker for pan-cancer. Front Mol Biosci. 2021;8:Article 
631067.

	 54.	 Sun L, Lin Y, Wang G, Zhang L, Hu L, Lu ZJBR. Correlation 
of zinc finger protein 2, a prognostic biomarker, with immune 
infiltrates in liver cancer. Biosci Rep. 2021;41(1):BSR20203115.

	 55.	 Toth R, Schiffmann H, Hube-Magg C, Büscheck F,  
Höflmayer D, Weidemann S, Lebok P, Fraune C, Minner S,  
Schlomm TJC, et al. Random Forest-based modelling to 
detect biomarkers for prostate cancer progression. Clin 
Epigenetics. 2019;11:1–15.

	 56.	 Li H, Piao L, Liu S, Cui Y, Xuan YJE, Pathology M. B7-H4 is 
a potential prognostic biomarker of prostate cancer. Exp Mol 
Med. 2020;114:Article 104406.

	 57.	 Zhang J, Ye Y, Xu Z, Luo M, Wu C, Zhang Y, Lv S, Wei QJB, 
Communications BR. Histone methyltransferase KMT2D 
promotes prostate cancer progression through paracrine IL-6 
signaling. Biochem Biophys Res Commun. 2023;655:35–43.

https://doi.org/10.34133/cbsystems.0129


Li et al. 2024 | https://doi.org/10.34133/cbsystems.0129 20

	 58.	 Gong D, Wang Y, Wang Y, Chen X, Chen S, Wang R,  
Liu L, Duan C, Luo SJC. Extensive serum cytokine analysis 
in patients with prostate cancer. Cytokine. 2020;125:Article 
154810.

	 59.	 Fujita K, Hayashi T, Matsushita M, Uemura M, Nonomura NJJ.  
Obesity, inflammation, and prostate cancer. J Clin Med. 
2019;8(2):201.

	 60.	 Logan M, Anderson PD, Saab ST, Hameed O,  
Abdulkadir SAJTAJ. RAMP1 is a direct NKX3. 1 target  
gene up-regulated in prostate cancer that promotes 
tumorigenesis. Am J Pathol. 2013;183(3):951–963.

	 61.	 Wen R, Zhao H, Zhang D, Chiu C-L, Brooks JDJCR. 
Sialylated glycoproteins as biomarkers and drivers 
of progression in prostate cancer. Carbohydr Res. 
2022;519:Article 108598.

	 62.	 Bahmad HF, Jalloul M, Azar J, Moubarak MM, Samad TA,  
Mukherji D, Al-Sayegh M, Abou-Kheir WJF. Tumor 
microenvironment in prostate cancer: Toward identification 
of novel molecular biomarkers for diagnosis, prognosis, and 
therapy development. Front Genet. 2021;12:Article 652747.

	 63.	 Lin D, Shen L, Luo M, Zhang K, Li J, Yang Q, Zhu F, Zhou D,  
Zheng S, Chen YJS, et al. Circulating tumor cells: Biology and 
clinical significance. Signal Transduct Target Ther. 2021;6(1):404.

	 64.	 Tian S, Lei Z, Gong Z, Sun Z, Xu D, Piao MJCCI. Clinical 
implication of prognostic and predictive biomarkers for 
castration-resistant prostate cancer: A systematic review. 
Cancer Cell Int. 2020;20:1–15.

	 65.	 Xu X, Huang X, Sun J, Chen J, Wu G, Yao Y, Zhou N, Wang S,  
Sun LJC, Systems B. 3D-stacked multistage inertial 
microfluidic chip for high-throughput enrichment of 
circulating tumor cells. Cyb Bion Sys. 2022;2022:9829287.

	 66.	 Chen X, Rycaj K, Liu X, Tang DGJC. New insights into 
prostate cancer stem cells. Cell Cycle. 2013;12(4):579–586.

	 67.	 Zhang K, Zhou S, Wang L, Wang J, Zou Q, Zhao W, Fu Q, 
Fang XJI. Current stem cell biomarkers and their functional 
mechanisms in prostate cancer. Int J Mol Sci. 2016;17(7):1163.

	 68.	 Van Slambrouck S, Groux-Degroote S, Krzewinski-Recchi M-A,  
Cazet A, Delannoy P, Steelant WFJBR. Carbohydrate-to-
carbohydrate interactions between α2, 3-linked sialic acids 
on α2 integrin subunits and asialo-GM1 underlie the bone 
metastatic behaviour of LNCAP-derivative C4-2B prostate 
cancer cells. Biosci Rep. 2014;34(5):Article e00138.

	 69.	 Dedhar S, Saulnier R, Nagle R, Overall CMJC. Specific 
alterations in the expression of α3β1 and α6β4 integrins in highly 
invasive and metastatic variants of human prostate carcinoma 
cells selected by in vitro invasion through reconstituted basement 
membrane. Clin Exp Metastasis. 1993;11:391–400.

	 70.	 Hoogland AM, Verhoef EI, Roobol MJ, Schröder FH,  
Wildhagen MF, van der Kwast TH, Jenster G, van Leenders GJJTP.  
Validation of stem cell markers in clinical prostate cancer: 
α6-Integrin is predictive for non-aggressive disease. Prostate. 
2014;74(5):488–496.

	 71.	 Collins AT, Berry PA, Hyde C, Stower MJ, Maitland NJJC. 
Prospective identification of tumorigenic prostate cancer 
stem cells. Cancer Res. 2005;65(23):10946–10951.

	 72.	 Ajani JA, Song S, Hochster HS, Steinberg IB. In cancer 
stem cells: The promise and the potential. Semin Oncol. 
2015;42:S3–S17.

	 73.	 Choy W, Nagasawa DT, Trang A, Thill K, Spasic M, Yang IJNC.  
CD133 as a marker for regulation and potential for targeted 
therapies in glioblastoma multiforme. Neurosurg Clin N Am. 
2012;23(3):391–405.

	 74.	 Islam F, Gopalan V, Wahab R, Smith RA, Lam AK-YJC. 
Cancer stem cells in oesophageal squamous cell carcinoma: 
Identification, prognostic and treatment perspectives. Crit 
Rev Oncol Hematol. 2015;96(1):9–19.

	 75.	 Zhou Q, Chen A, Song H, Tao J, Yang H, Zuo MJI. Prognostic 
value of cancer stem cell marker CD133 in ovarian cancer: A 
meta-analysis. Int J Clin Exp Med. 2015;8(3):3080.

	 76.	 Zenzmaier C, Untergasser G, Berger PJE. Aging of the 
prostate epithelial stem/progenitor cell. Exp Gerontol. 
2008;43(11):981–985.

	 77.	 Missol-Kolka E, Karbanová J, Janich P, Haase M, Fargeas CA,  
Huttner WB, Corbeil DJTP. Prominin-1 (CD133) is not 
restricted to stem cells located in the basal compartment of 
murine and human prostate. Prostate. 2011;71(3):254–267.

	 78.	 Jiao J, Hindoyan A, Wang S, Tran LM, Goldstein AS,  
Lawson D, Chen D, Li Y, Guo C, Zhang B, et al. Identification 
of CD166 as a surface marker for enriching prostate 
stem/progenitor and cancer initiating cells. PLoS One. 
2012;7:Article e42564.

	 79.	 Matthews W, Jordan CT, Wiegand GW, Pardoll D,  
Lemischka IRJC. A receptor tyrosine kinase specific to 
hematopoietic stem and progenitor cell-enriched populations. 
Cell. 1991;65(7):1143–1152.

	 80.	 Broxmeyer H, Maze R, Miyazawa K, Carow C, Hendrie P,  
Cooper S, Hangoc G, Vadhan-Raj S, Lu LJCC. The kit 
receptor and its ligand, steel factor, as regulators of 
hemopoiesis. Cancer Cell. 1991;3(12):480–487.

	 81.	 Chi P, Chen Y, Zhang L, Guo X, Wongvipat J, Shamu T, 
Fletcher JA, Dewell S, Maki RG, Zheng DJN, et al. ETV1 is a 
lineage-specific survival factor in GIST and cooperates with 
KIT in oncogenesis. Nature. 2010;467(7317):849.

	 82.	 Dudley ACJCSH. Tumor endothelial cells. Cold Spring Harb 
Perspect Med. 2012;2(3):a006536.

	 83.	 Bhakdi SC, Suriyaphol P, Thaicharoen P, Grote STK,  
Komoltri C, Chaiyaprasithi B, Charnkaew KJC. Accuracy of 
tumour-associated circulating endothelial cells as a screening 
biomarker for clinically significant prostate cancer. Cancers. 
2019;11(8):1064.

	 84.	 Gurung S, Perocheau D, Touramanidou L, Baruteau JJCC.  
The exosome journey: From biogenesis to uptake 
and intracellular signalling. Cell Commun Signal. 
2021;19(1):47.

	 85.	 Pullan JE, Confeld MI, Osborn JK, Kim J, Sarkar K, Mallik SJM.  
Exosomes as drug carriers for cancer therapy. Mol Pharm. 
2019;16(5):1789–1798.

	 86.	 Sisodiya S, Kasherwal V, Khan A, Roy B, Goel A, Kumar S, 
Arif N, Tanwar P, Hussain SJTO. Liquid biopsies: Emerging 
role and clinical applications in solid tumours. Transl Oncol. 
2023;35:Article 101716.

	 87.	 Javidi MA, Ahmadi AH, Bakhshinejad B, Nouraee N, 
Babashah S, Sadeghizadeh MJM. Cell-free microRNAs as 
cancer biomarkers: The odyssey of miRNAs through body 
fluids. Med Oncol. 2014;31:1–11.

	 88.	 Foj L, Ferrer F, Serra M, Arévalo A, Gavagnach M, Giménez N,  
Filella XJTP. Exosomal and non-exosomal urinary MiRNAs 
in prostate cancer detection and prognosis. Prostate. 
2017;77(6):573–583.

	 89.	 Giglio S, De Nunzio C, Cirombella R, Stoppacciaro A, Faruq O,  
Volinia S, Baldassarre G, Tubaro A, Ishii H, Croce CMJJ. 
A preliminary study of micro-RNAs as minimally invasive 
biomarkers for the diagnosis of prostate cancer patients. J Exp 
Clin Cancer Res. 2021;40(1):1–12.

https://doi.org/10.34133/cbsystems.0129


Li et al. 2024 | https://doi.org/10.34133/cbsystems.0129 21

	 90.	 Probert C, Dottorini T, Speakman A, Hunt S, Nafee T, 
Fazeli A, Wood S, Brown J, James VJO. Communication 
of prostate cancer cells with bone cells via extracellular 
vesicle RNA a potential mechanism of metastasis. Oncogene. 
2019;38(10):1751–1763.

	 91.	 Lorenc T, Klimczyk K, Michalczewska I, Słomka M,  
Kubiak-Tomaszewska G, Olejarz WJIJ. Exosomes in prostate 
cancer diagnosis, prognosis and therapy. Int J Mol Sci. 
2020;21(6):2118.

	 92.	 Dhondt B, Geeurickx E, Tulkens J, Van Deun J, Vergauwen G,  
Lippens L, Miinalainen I, Rappu P, Heino J, Ost PJJ, et al. 
Unravelling the proteomic landscape of extracellular vesicles 
in prostate cancer by density-based fractionation of urine.  
J Extracell Vesicles. 2020;9(1):1736935.

	 93.	 Fujita K, Kume H, Matsuzaki K, Kawashima A, Ujike T,  
Nagahara A, Uemura M, Miyagawa Y, Tomonaga T, 
Nonomura NJS, et al. Proteomic analysis of urinary 
extracellular vesicles from high Gleason score prostate cancer. 
Sci Rep. 2017;7(1):42961.

	 94.	 Jedinak A, Loughlin KR, Moses MAJO. Approaches to the 
discovery of non-invasive urinary biomarkers of prostate 
cancer. Oncotargets. 2018;9(65):32534.

	 95.	 Signore M, Alfonsi R, Federici G, Nanni S, Addario A, 
Bertuccini L, Aiello A, Di Pace AL, Sperduti I, Muto GJC. 
Diagnostic and prognostic potential of the proteomic 
profiling of serum-derived extracellular vesicles in prostate 
cancer. Cell Death Dis. 2021;12(7):636.

	 96.	 Vagner T, Spinelli C, Minciacchi VR, Balaj L, Zandian M, 
Conley A, Zijlstra A, Freeman MR, Demichelis F, De SJJ, 
et al. Large extracellular vesicles carry most of the tumour 
DNA circulating in prostate cancer patient plasma. J Extracell 
Vesicles. 2018;7(1):1505403.

	 97.	 Mehra N, Dolling D, Sumanasuriya S, Christova R, Pope L, 
Carreira S, Seed G, Yuan W, Goodall J, Hall EJE, et al. Plasma 
cell-free DNA concentration and outcomes from Taxane 
therapy in metastatic castration-resistant prostate cancer 
from two phase III trials (FIRSTANA and PROSELICA). Eur 
Urol. 2018;74(3):283–291.

	 98.	 Gholami N, Haghparast A, Alipourfard I, Nazari MJCCI. 
Prostate cancer in omics era. Cancer Cell Int. 2022;22(1):274.

	 99.	 Dai X, Shen LJF. Advances and trends in omics technology 
development. Front Med. 2022;9:Article 911861.

	100.	 Hasin Y, Seldin M, Lusis AJG. Multi-omics approaches to 
disease. Genome Biol. 2017;18:1–15.

	101.	 Nevedomskaya E, Haendler BJIJ. From omics to multi-omics 
approaches for in-depth analysis of the molecular mechanisms 
of prostate cancer. Int J Mol Sci. 2022;23(11):6281.

	102.	 Zhang E, Zhang M, Shi C, Sun L, Shan L, Zhang H, Song YJLS.  
An overview of advances in multi-omics analysis in prostate 
cancer. Sci China Life Sci. 2020;260:Article 118376.

	103.	 Farashi S, Kryza T, Clements J, Batra JJNRC. Post-GWAS 
in prostate cancer: From genetic association to biological 
contribution. Nat Rev Cancer. 2019;19(1):46–59.

	104.	 Allemailem KS, Almatroudi A, Alrumaihi F, Almansour NM,  
Aldakheel FM, Rather RA, Rah BJA. Single nucleotide 
polymorphisms (SNPs) in prostate cancer: Its implications 
in diagnostics and therapeutics. Am J Transl Res. 
2021;13(4):3868.

	105.	 Lin H-Y, Amankwah EK, Tseng T-S, Qu X, Chen D-T,  
Park JYJP. SNP-SNP interaction network in angiogenesis 
genes associated with prostate cancer aggressiveness. PLOS 
One. 2013;8(4):Article e59688.

	106.	 Hua JT, Ahmed M, Guo H, Zhang Y, Chen S, Soares F, Lu J, 
Zhou S, Wang M, Li HJC, et al. Risk SNP-mediated promoter-
enhancer switching drives prostate cancer through lncRNA 
PCAT19. Cell. 2018;174(3):564–575.e18.

	107.	 Cook MB, Wang Z, Yeboah ED, Tettey Y, Biritwum RB, 
Adjei AA, Tay E, Truelove A, Niwa S, Chung CCJH, et al. A 
genome-wide association study of prostate cancer in west 
African men. J Hum Genet. 2014;133:509–521.

	108.	 Takata R, Akamatsu S, Kubo M, Takahashi A, Hosono N, 
Kawaguchi T, Tsunoda T, Inazawa J, Kamatani N, Ogawa OJN,  
et al. Genome-wide association study identifies five new 
susceptibility loci for prostate cancer in the Japanese 
population. Nat Genet. 2010;42(9):751–754.

	109.	 Schumacher FR, Al Olama AA, Berndt SI, Benlloch S,  
Ahmed M, Saunders EJ, Dadaev T, Leongamornlert D, 
Anokian E, Cieza-Borrella CJN, et al. Association analyses 
of more than 140,000 men identify 63 new prostate cancer 
susceptibility loci. Nat Genet. 2018;50(7):928–936.

	110.	 Conti DV, Darst BF, Moss LC, Saunders EJ, Sheng X, Chou A,  
Schumacher FR, Olama AAA, Benlloch S, Dadaev TJN, et al.  
Trans-ancestry genome-wide association meta-
analysis of prostate cancer identifies new susceptibility 
loci and informs genetic risk prediction. Nat Genet. 
2021;53(1):65–75.

	111.	 Alkhateeb A, Rezaeian I, Singireddy S, Cavallo-Medved D,  
Porter LA, Rueda LJC. Transcriptomics signature from 
next-generation sequencing data reveals new transcriptomic 
biomarkers related to prostate cancer. Cancer Informat. 
2019;18:1176935119835522.

	112.	 Robinson D, Van Allen EM, Wu Y-M, Schultz N, Lonigro RJ,  
Mosquera J-M, Montgomery B, Taplin M-E, Pritchard CC,  
Attard GJC. Integrative clinical genomics of advanced 
prostate cancer. Cell. 2015;161(5):1215–1228.

	113.	 Salami SS, Hovelson DH, Kaplan JB, Mathieu R, Udager AM, 
Curci NE, Lee M, Plouffe KR, de la Vega LL, Susani MJJ. 
Transcriptomic heterogeneity in multifocal prostate cancer. 
JCI Insight, 2018;3(21):e123468.

	114.	 Tanase CP, Codrici E, Popescu ID, Mihai S, Enciu A-M, 
Necula LG, Preda A, Ismail G, Albulescu RJO. Prostate 
cancer proteomics: Current trends and future perspectives 
for biomarker discovery. Oncotargets. 2017;8(11):18497.

	115.	 Khoo A, Liu LY, Nyalwidhe JO, Semmes OJ, Vesprini D,  
Downes MR, Boutros PC, Liu SK, Kislinger TJNRU. 
Proteomic discovery of non-invasive biomarkers of localized 
prostate cancer using mass spectrometry. Nat Rev Urol. 
2021;18(12):707–724.

	116.	 Davalieva K, Kostovska IM, Kiprijanovska S, Markoska K, 
Kubelka-Sabit K, Filipovski V, Stavridis S, Stankov O,  
Komina S, Petrusevska GJTP, et al. Proteomics analysis 
of malignant and benign prostate tissue by 2D DIGE/MS 
reveals new insights into proteins involved in prostate cancer. 
Prostate. 2015;75(14):1586–1600.

	117.	 Larkin S, Johnston H, Jackson TR, Jamieson D, Roumeliotis T,  
Mockridge C, Michael A, Manousopoulou A, Papachristou E,  
Brown MDJB, et al. Detection of candidate biomarkers of 
prostate cancer progression in serum: A depletion-free 3D 
LC/MS quantitative proteomics pilot study. Br J Cancer. 
2016;115(9):1078–1086.

	118.	 Turiák L, Ozohanics O, Tóth G, Ács A, Révész Á, Vékey K, 
Telekes A, Drahos LJJ. High sensitivity proteomics of prostate 
cancer tissue microarrays to discriminate between healthy 
and cancerous tissue. J Proteome. 2019;197:82–91.

https://doi.org/10.34133/cbsystems.0129


Li et al. 2024 | https://doi.org/10.34133/cbsystems.0129 22

	119.	 Lucarelli G, Rutigliano M, Galleggiante V, Giglio A, Palazzo S,  
Ferro M, Simone C, Bettocchi C, Battaglia M, Ditonno PJE, 
et al. Metabolomic profiling for the identification of novel 
diagnostic markers in prostate cancer. Expert Rev Mol Diagn. 
2015;15(9):1211–1224.

	120.	 Struck-Lewicka W, Kordalewska M, Bujak R, Mpanga AY, 
Markuszewski M, Jacyna J, Matuszewski M, Kaliszan R, 
Markuszewski MJJJ. Urine metabolic fingerprinting  
using LC–MS and GC–MS reveals metabolite changes 
in prostate cancer: A pilot study. J Pharm Biomed Anal. 
2015;111:351–361.

	121.	 Lin X, Lécuyer L, Liu X, Triba MN, Deschasaux-Tanguy M, 
Demidem A, Liu Z, Palama T, Rossary A, Vasson M-PJC, 
et al. Plasma metabolomics for discovery of early metabolic 
markers of prostate cancer based on ultra-high-performance 
liquid chromatography-high resolution mass spectrometry. 
Cancers. 2021;13(13):3140.

	122.	 Ossoliński K, Nizioł J, Arendowski A, Ossolińska A, 
Ossoliński T, Kucharz J, Wiechno P, Ruman TJJCMT. Mass 
spectrometry-based metabolomic profiling of prostate 
cancer-a pilot study. J Cancer Metastasis Treat. 2019;5(1):12.

	123.	 Pinto FG, Mahmud I, Harmon TA, Rubio VY, Garrett TJJJ. 
Rapid prostate cancer noninvasive biomarker screening 
using segmented flow mass spectrometry-based untargeted 
metabolomics. J Proteome Res. 2020;19(5):2080–2091.

	124.	 Yang B, Zhang C, Cheng S, Li G, Griebel J, Neuhaus JJD. 
Novel metabolic signatures of prostate cancer revealed 
by 1H-NMR metabolomics of urine. Diagnostics. 
2021;11(2):149.

	125.	 Yun SJ, Kim S-K, Kim J, Cha E-J, Kim J-S, Kim S-J, Ha Y-S,  
Kim Y-H, Jeong P, Kang HWJO, et al. Transcriptomic 
features of primary prostate cancer and their prognostic 
relevance to castration-resistant prostate cancer. Oncotargets. 
2017;8(70):Article 114845.

	126.	 Ren S, Wei G-H, Liu D, Wang L, Hou Y, Zhu S, Peng L, Zhang Q,  
Cheng Y, Su HJE, et al. Whole-genome and transcriptome 
sequencing of prostate cancer identify new genetic alterations 
driving disease progression. Eur Urol. 2018;73(3):322–339.

	127.	 Ye C, Wang H, Li Z, Xia C, Yuan S, Yan R, Yang X, Ma T, 
Wen X, Yang DJTA. Urology, comprehensive data analysis 
of genomics, epigenomics, and transcriptomics to identify 
specific biomolecular markers for prostate adenocarcinoma. 
Transl Androl Urol. 2021;10(7):3030.

	128.	 Dougan J, Hawsawi O, Burton LJ, Edwards G, Jones K, 
Zou J, Nagappan P, Wang G, Zhang Q, Danaher AJIJ, et al. 
Proteomics-metabolomics combined approach identifies 
peroxidasin as a protector against metabolic and oxidative 
stress in prostate cancer. Int J Mol Sci. 2019;20(12):3046.

	129.	 Kowalczyk T, Ciborowski M, Kisluk J, Kretowski A, 
Barbas CJB. Mass spectrometry based proteomics and 
metabolomics in personalized oncology. Biochim Biophys 
Acta. 2020;1866(5):Article 165690.

	130.	 Gomez-Cebrian N, Garcia-Flores M, Rubio-Briones J,  
Lopez-Guerrero JA, Pineda-Lucena A, Puchades-Carrasco LJJ.  
Targeted metabolomics analyses reveal specific metabolic 
alterations in high-grade prostate cancer patients. J. Proteome 
Res. 2020;19(10):4082–4092.

	131.	 Ren S, Shao Y, Zhao X, Hong CS, Wang F, Lu X, Li J, Ye G, 
Yan M, Zhuang ZJM, et al. Integration of metabolomics 
and transcriptomics reveals major metabolic pathways and 
potential biomarker involved in prostate cancer. Mol Cell 
Proteomics. 2016;15(1):154–163.

	132.	 Shao Y, Ye G, Ren S, Piao HL, Zhao X, Lu X, Wang F, Ma W,  
Li J, Yin PJIJ, et al. Metabolomics and transcriptomics 
profiles reveal the dysregulation of the tricarboxylic acid 
cycle and related mechanisms in prostate cancer. Int J Cancer. 
2018;143(2):396–407.

	133.	 Wu L, Wang J, Cai Q, Cavazos TB, Emami NC, Long J, 
Shu X-O, Lu Y, Guo X, Bauer JAJC, et al. Identification of 
novel susceptibility loci and genes for prostate cancer risk: 
A transcriptome-wide association study in over 140,000 
European descendants. Cancer Res. 2019;79(13):3192–3204.

	134.	 Zhou K, Arslanturk S, Craig DB, Heath E, Draghici SJS. 
Discovery of primary prostate cancer biomarkers using cross 
cancer learning. Sci Rep. 2021;11(1):10433.

	135.	 Singireddy S, Alkhateeb A, Rezaeian I, Rueda L.,  
Cavallo-Medved D, Porter L. Identifying differentially 
expressed transcripts associated with prostate cancer 
progression using RNA-Seq and machine learning techniques. 
Paper presented at: 2015 IEEE Conference on Computational 
Intelligence in Bioinformatics and Computational Biology 
(CIBCB). Niagara Falls, ON, Canada: 2015. p. 1–5.

	136.	 Penney KL, Tyekucheva S, Rosenthal J, El Fandy H, Carelli R,  
Borgstein S, Zadra G, Fanelli GN, Stefanizzi L, Giunchi FJMCR.  
Metabolomics of prostate cancer Gleason score in tumor tissue 
and serum. Mol Cancer. 2021;19(3):475–484.

	137.	 Gabriele C, Aracri F, Prestagiacomo LE, Rota MA, Alba S, 
Tradigo G, Guzzi PH, Cuda G, Damiano R, Veltri PJCP, 
et al. Development of a predictive model to distinguish 
prostate cancer from benign prostatic hyperplasia by 
integrating serum glycoproteomics and clinical variables. Clin 
Proteomics. 2023;20(1):52.

	138.	 Chen S, Zhang H, Yang X, Shao X, Li T, Chen N, Chen Z,  
Xue W, Pan J, Liu SJAIS. Raman spectroscopy reveals 
abnormal changes in the urine composition of prostate 
cancer: An application of an intelligent diagnostic model with 
a deep learning algorithm. Adv Intell Syst. 2021;3(4):2000090.

	139.	 Prestagiacomo LE, Tradigo G, Aracri F, Gabriele C, Rota MA,  
Alba S, Cuda G, Damiano R, Veltri P, Gaspari MJA, et al. 
Data-independent acquisition mass spectrometry of EPS-
urine coupled to machine learning: A predictive model for 
prostate cancer. ACS Omega. 2023;8(7):6244–6252.

	140.	 Shin S-Y, Centenera MM, Hodgson JT, Nguyen EV, Butler LM,  
Daly RJ, Nguyen LKJF. A Boolean-based machine learning 
framework identifies predictive biomarkers of HSP90-
targeted therapy response in prostate cancer. Front Mol Biosci. 
2023;10:1094321.

	141.	 Samaržija I, Trošelj KG, Konjevoda PJC. Prognostic 
significance of amino acid metabolism-related genes in 
prostate cancer retrieved by machine learning. Cancers. 
2023;15(4):1309.

	142.	 Wei Z, Han D, Zhang C, Wang S, Liu J, Chao F, Song Z, 
Chen GJF. Deep learning-based multi-omics integration 
robustly predicts relapse in prostate cancer. Front Oncol. 
2022;12:Article 893424.

	143.	 Tong Y, Tan Z, Wang P, Gao XJF. A machine learning method 
for predicting biomarkers associated with prostate cancer. 
Front Biosci. 2023;28(12):333.

	144.	 Qiao P, Zhang D, Zeng S, Wang Y, Wang B, Hu XJB. Using 
machine learning method to identify MYLK as a novel 
marker to predict biochemical recurrence in prostate cancer. 
Biomark Med. 2020;15(1):29–41.

	145.	 Cho H, Oh CK, Cha J, Chung JI, Byun S-S, Hong SK,  
Chung J-S, Han K-HJPI. Association of serum prostate-

https://doi.org/10.34133/cbsystems.0129


Li et al. 2024 | https://doi.org/10.34133/cbsystems.0129 23

specific antigen (PSA) level and circulating tumor cell-based 
PSA mRNA in prostate cancer. Prostate Int. 2022;10(1):14–20.

	146.	 Tikkinen KA, Dahm P, Lytvyn L, Heen AF, Vernooij RW, 
Siemieniuk RA, Wheeler R, Vaughan B, Fobuzi AC,  
Blanker MHJB. Prostate cancer screening with prostate-
specific antigen (PSA) test: A clinical practice guideline. Brit 
Med J. 2018;362:Article k3581.

	147.	 Dijkstra S, Mulders P, Schalken JJC. Clinical use of novel 
urine and blood based prostate cancer biomarkers: A review. 
Clin Biochem. 2014;47(10-11):889–896.

	148.	 Catalona WJ, Richie JP, Ahmann FR, Hudson MLA,  
Scardino PT, Flanigan RC, DeKernion JB, Ratliff TL, 
Kavoussi LR, Dalkin BLJTJ, et al. Comparison of digital rectal 
examination and serum prostate specific antigen in the early 
detection of prostate cancer: Results of a multicenter clinical 
trial of 6,630 men. J Urol. 2017;197(2S):S200–S207.

	149.	 Bravaccini S, Puccetti M, Bocchini M, Ravaioli S, Celli M, 
Scarpi E, De Giorgi U, Tumedei MM, Raulli G, Cardinale LJS, 
et al. PSMA expression: A potential ally for the pathologist in 
prostate cancer diagnosis. Sci Rep. 2018;8(1):4254.

	150.	 Wang F, Li Z, Feng X, Yang D, Lin MJPC, Diseases P. 
Advances in PSMA-targeted therapy for prostate cancer. 
Prostate Cancer Prostatic Dis. 2022;25(1):11–26.

	151.	 Askari E, Moghadam SZ, Aryana KJAJ. Fact checking on 
177Lu prostate-specific membrane antigen nephrotoxicity. 
AJR Am J Roentgenol. 2020;215(1):W2–W2.

	152.	 Autio KA, Dreicer R, Anderson J, Garcia JA, Alva A, Hart LL,  
Milowsky MI, Posadas EM, Ryan CJ, Graf RPJJ, et al. Safety 
and efficacy of BIND-014, a docetaxel nanoparticle targeting 
prostate-specific membrane antigen for patients with 
metastatic castration-resistant prostate cancer: A phase 2 
clinical trial. JAMA Oncologia. 2018;4(10):1344–1351.

	153.	 Ceci F, Castellucci P, Graziani T, Farolfi A, Fonti C, Lodi F, 
Fanti SJEJ. 68 Ga-PSMA-11 PET/CT in recurrent prostate 
cancer: Efficacy in different clinical stages of PSA failure after 
radical therapy. Eur J Nucl Med Mol Imaging. 2019;46:31–39.

	154.	 Calais J, Czernin J, Cao M, Kishan AU, Hegde JV, Shaverdian N,  
Sandler K, Chu F-I, King CR, Steinberg MLJJ, et al. 68Ga-
PSMA-11 PET/CT mapping of prostate cancer biochemical 
recurrence after radical prostatectomy in 270 patients 
with a PSA level of less than 1.0 ng/mL: Impact on salvage 
radiotherapy planning. J Nucl Med. 2018;59(2):230–237.

	155.	 Crawford ED, Heidenreich A, Lawrentschuk N, Tombal B, 
Pompeo AC, Mendoza-Valdes A, Miller K, Debruyne FM, 
Klotz LJP. Androgen-targeted therapy in men with prostate 
cancer: Evolving practice and future considerations. Prostate 
Cancer Prostatic Dis. 2019;22(1):24–38.

	156.	 Sumiyoshi T, Mizuno K, Yamasaki T, Miyazaki Y, Makino Y,  
Okasho K, Li X, Utsunomiya N, Goto T, Kobayashi TJSR, 
et al. Clinical utility of circulating tumour cell androgen 
receptor splice Variant-7 status in metastatic castration-
resistant prostate cancer. Eur Urol. 2019;9(1):4030.

	157.	 Wüstmann N, Seitzer K, Humberg V, Vieler J, Grundmann N,  
Steinestel J, Tiedje D, Duensing S, Krabbe L-M, Bögemann MJBR,  
et al. Co-expression and clinical utility of AR-FL and AR splice 
variants AR-V3, AR-V7 and AR-V9 in prostate cancer. Biomark 
Res. 2023;11(1):37.

	158.	 Sharp A, Welti JC, Lambros MB, Dolling D, Rodrigues DN, 
Pope L, Aversa C, Figueiredo I, Fraser J, Ahmad ZJE, et al. 
Clinical utility of circulating tumour cell androgen receptor 
splice Variant-7 status in metastatic castration-resistant 
prostate cancer. Eur Urol. 2019;76(5):676–685.

	159.	 Gillessen S, Attard G, Beer TM, Beltran H, Bossi A, Bristow R,  
Carver B, Castellano D, Chung BH. Management of patients 
with advanced prostate cancer: The report of the Advanced 
Prostate Cancer Consensus Conference APCCC 2017. Eur 
Urol. 2018;73(2):178–211.

	160.	 Graf RP, Hullings M, Barnett ES, Carbone E, Dittamore R, 
Scher HIJE. Clinical utility of the nuclear-localized AR-V7 
biomarker in circulating tumor cells in improving physician 
treatment choice in castration-resistant prostate cancer. Eur 
Urol. 2020;77(2):170–177.

	161.	 Jin KT, Chen XY, Lan HR, Wang SB, Ying XJ, Abdi SM,  
Wang W, Hu ZM, Mou XZJC. Current Progress in the clinical 
use of circulating tumor cells as prognostic biomarkers. 
Cancer Cytopathol. 2019;127(12):739–749.

	162.	 Vasseur A, Kiavue N, Bidard FC, Pierga JY, Cabel LJM. 
Clinical utility of circulating tumor cells: An update. Mol 
Oncol. 2021;15(6):1647–1666.

	163.	 Habli Z, AlChamaa W, Saab R, Kadara H, Khraiche MLJC.  
Circulating tumor cell detection technologies and 
clinical utility: Challenges and opportunities. Cancers. 
2020;12(7):1930.

	164.	 Soltani S, Cheng B, Osunkoya AO, Robles FEJBF. Deep UV 
microscopy identifies prostatic basal cells: An important 
biomarker for prostate cancer diagnostics. BME Front. 
2022;2022:9847962.

	165.	 Peng Y, Shi C, Wu X, Zhu Y, Zhuang SJBF. Terahertz imaging 
and spectroscopy in cancer diagnostics: A technical review. 
BME Front. 2020;2020:2547609.

	166.	 Sarkar S, Gogoi M, Mahato M, Joshi AB, Baruah AJ, Kodgire P,  
Boruah PJBM. Biosensors for detection of prostate cancer: A 
review. Biomed Microdevices. 2022;24(4):32.

	167.	 Uludag Y, Narter F, Sağlam E, Köktürk G, Gök MY,  
Akgün M, Barut S, Budak SJA. An integrated lab-on-a-chip-
based electrochemical biosensor for rapid and sensitive 
detection of cancer biomarkers. Anal Bioanal Chem. 
2016;408:7775–7783.

	168.	 Annese VF, Patil SB, Hu C, Giagkoulovits C, Al-Rawhani MA,  
Grant J, Macleod M, Clayton DJ, Heaney LM, Daly RJM. 
A monolithic single-chip point-of-care platform for 
metabolomic prostate cancer detection. Microsyst Nanoeng. 
2021;7(1):21.

	169.	 Nur Topkaya S, Ozkan-Ariksoysal DJE. Prostate cancer 
biomarker detection with carbon nanotubes modified screen 
printed electrodes. Electroanalysis. 2016;28(5):1077–1084.

	170.	 Subramani IG, Ayub R, Gopinath SC, Perumal V, Fathil M, 
Arshad MMJJ. Lectin bioreceptor approach in capacitive 
biosensor for prostate-specific membrane antigen detection 
in diagnosing prostate cancer. J Taiwan Inst Chem Eng. 
2021;120:9–16.

	171.	 Jang HS, Park KN, Kang CD, Kim JP, Sim SJ, Lee KSJOC. 
Optical fiber SPR biosensor with sandwich assay for the 
detection of prostate specific antigen. Opt Commun. 
2009;282(14):2827–2830.

	172.	 Ertürk G, Özen H, Tümer MA, Mattiasson B, Denizli AJS, 
Chemical AB. Microcontact imprinting based surface plasmon 
resonance (SPR) biosensor for real-time and ultrasensitive 
detection of prostate specific antigen (PSA) from clinical 
samples. Sensor Actuat B-Chem. 2016;224:823–832.

	173.	 Khan M, Dighe K, Wang Z, Srivastava I, Daza E,  
Schwartz-Dual A, Ghannam J, Misra S, Pan DJA. Detection 
of prostate specific antigen (PSA) in human saliva using an 
ultra-sensitive nanocomposite of graphene nanoplatelets 

https://doi.org/10.34133/cbsystems.0129


Li et al. 2024 | https://doi.org/10.34133/cbsystems.0129 24

with diblock-co-polymers and au electrodes. Analyst. 
2018;143(5):1094–1103.

	174.	 Liu D, Huang X, Wang Z, Jin A, Sun X, Zhu L, Wang F, Ma Y,  
Niu G, Hight Walker ARJA, et al. Gold nanoparticle-based 
activatable probe for sensing ultralow levels of prostate-
specific antigen. ACS Nano. 2013;7(6):5568–5576.

	175.	 Alnaimi A, Al-Hamry A, Makableh Y, Adiraju A,  
Kanoun OJB. Gold nanoparticles-MWCNT based 
Aptasensor for early diagnosis of prostate cancer. Biosensors. 
2022;12(12):1130.

	176.	 Sanchez-Salcedo R, Miranda-Castro R, de Los Santos Álvarez N,  
Lobo-Castañón MJJB. Dual electrochemical genosensor for 
early diagnosis of prostate cancer through lncRNAs detection. 
Biosens Bioelectron 2021;192:Article 113520.

	177.	 Deng M, Ren Z, Zhang H, Li Z, Xue C, Wang J, Zhang D,  
Yang H, Wang X, Li JJAS. Unamplified and real-time 
label-free miRNA-21 detection using solution-gated 
graphene transistors in prostate cancer diagnosis. Adv Sci. 
2023;10(4):2205886.

	178.	 Wang F, Mao A, Tang J, Zhang Q, Yan J, Wang Y, Di C, 
Gan L, Sun C, Zhang HJJ, et al. microRNA-16-5p enhances 
radiosensitivity through modulating cyclin D1/E1–pRb–
E2F1 pathway in prostate cancer cells. J Cell Physiol. 
2019;234(8):13182–13190.

	179.	 Cho S, Yang HC, Rhee WJJB. Bioelectronics, simultaneous 
multiplexed detection of exosomal microRNAs and surface 
proteins for prostate cancer diagnosis. Biosens Bioelectron. 
2019;146:Article 111749.

	180.	 Cai S, Pataillot-Meakin T, Shibakawa A, Ren R, Bevan CL,  
Ladame S, Ivanov AP, Edel JBJNC. Single-molecule 
amplification-free multiplexed detection of circulating 
microRNA cancer biomarkers from serum. Nat Commun. 
2021;12(1):3515.

	181.	 Shrestha E, Coulter JB, Guzman W, Ozbek B, Hess MM, 
Mummert L, Ernst SE, Maynard JP, Meeker AK, Heaphy CMJP,  
et al. Oncogenic gene fusions in nonneoplastic precursors as 
evidence that bacterial infection can initiate prostate cancer. 
Bioscience. 2021;118(32):Article e2018976118.

	182.	 Zhou F, Gao S, Han D, Han W, Chen S, Patalano S, 
Macoska JA, He HH, Cai CJO. TMPRSS2-ERG activates 
NO-cGMP signaling in prostate cancer cells. Oncogene. 
2019;38(22):4397–4411.

	183.	 Blackburn J, Vecchiarelli S, Heyer EE, Patrick SM, Lyons RJ,  
Jaratlerdsiri W, Van Zyl S, Bornman MR, Mercer TR, 
Hayes VMJTP. TMPRSS2-ERG fusions linked to prostate 
cancer racial health disparities: A focus on Africa. Prostate. 
2019;79(10):1191–1196.

	184.	 Liu Y, Zhang N, Pan J-B, Song J, Zhao W, Chen H-Y, Xu J-JJAC. 
Bipolar electrode Array for multiplexed detection of prostate 
cancer biomarkers. Anal Chem. 2022;94(6):3005–3012.

	185.	 Kalra R, Bhagyaraj E, Tiwari D, Nanduri R, Chacko AP, 
Jain M, Mahajan S, Khatri N, Gupta PJO. AIRE promotes 
androgen-independent prostate cancer by directly regulating 
IL-6 and modulating tumor microenvironment. Oncogenesis. 
2018;7(5):43.

	186.	 Teslow EA, Bao B, Dyson G, Legendre C, Mitrea C, Sakr W, 
Carpten JD, Powell I, Bollig-Fischer AJM. Exogenous IL-6 
induces mRNA splice variant MBD2_v2 to promote stemness 
in TP53 wild-type, African American PCa cells. Mol Oncol. 
2018;12(7):1138–1152.

	187.	 Cheng L, Yang T, Zhang J, Gao F, Yang L, Tao WJKJ. The 
application of radiolabeled targeted molecular probes for the 
diagnosis and treatment of prostate cancer. Korean J Radiol. 
2023;24(6):574.

	188.	 Kuten J, Fahoum I, Savin Z, Shamni O, Gitstein G,  
Hershkovitz D, Mabjeesh NJ, Yossepowitch O, Mishani E, 
Even-Sapir EJJ, et al. Head-to-head comparison of 68Ga-
PSMA-11 with 18F-PSMA-1007 PET/CT in staging prostate 
cancer using histopathology and Immunohistochemical analysis 
as a reference standard. J Nucl Med. 2020;61(4):527–532.

	189.	 Kawatani M, Yamamoto K, Yamada D, Kamiya M, Miyakawa J,  
Miyama Y, Kojima R, Morikawa T, Kume H, Urano YJJ, et al. 
Fluorescence detection of prostate cancer by an Activatable 
fluorescence probe for PSMA carboxypeptidase activity. J Am 
Chem Soc. 2019;141(26):10409–10416.

	190.	 Yao D, Yang S, Wang Y, Bian K, Yang W, Wang D, Zhang BJN.  
An ALP-activatable and mitochondria-targeted probe 
for prostate cancer-specific bimodal imaging and 
aggregation-enhanced photothermal therapy. R Soc Chem. 
2019;11(13):6307–6314.

	191.	 Landers KA, Burger MJ, Tebay MA, Purdie DM, Scells B, 
Samaratunga H, Lavin MF, Gardiner RAJI. Use of multiple 
biomarkers for a molecular diagnosis of prostate cancer. Int J 
Cancer. 2005;114(6):950–956.

	192.	 Otero JR, Gomez BG, Juanatey FC, Touijer KA. In prostate 
cancer biomarkers: An update. Urol Oncol, Elsevier. 
2014;32:252–260.

	193.	 Nikfarjam S, Rezaie J, Zolbanin NM, Jafari RJJ. Mesenchymal 
stem cell derived-exosomes: A modern approach in 
translational medicine. J Transl Med. 2020;18:1–21.

	194.	 Mano R, Baniel J, Goldberg H, Stabholz Y, Kedar D, 
Yossepowitch O. In urinary tract infections in patients with 
orthotopic neobladder, urologic oncology: Seminars and 
original investigations. Elsevier. 2014;32:50.e9–50.e14.

	195.	 Jamroze A, Chatta G, Tang DGJC. Androgen receptor (AR) 
heterogeneity in prostate cancer and therapy resistance. 
Cancer Lett. 2021;518:1–9.

	196.	 Xu H, Niu M, Yuan X, Wu K, Liu AJEH. Oncology, CD44 
as a tumor biomarker and therapeutic target. Exp Hematol. 
2020;9:1–14.

https://doi.org/10.34133/cbsystems.0129

	Advances in Prostate Cancer Biomarkers and Probes
	Introduction
	PCa Biomarkers
	Molecule
	Nucleic acid
	Proteins

	Cell
	Circulating tumor cells
	Cancer stem cells
	Circulating endothelial cells

	Exosomes
	RNA
	Protein
	DNA
	Lipids


	Methods Applied to the Discovery of New PCa Biomarkers
	Histology data integration
	Genome-wide association study
	Transcriptomics
	Proteomics
	Metabolomics
	Integration of histologic data

	Artificial intelligence analysis

	Research on the Application of Biomarkers in Targeted Therapy and Diagnostics
	Probe Application of PCa Biomarkers
	Conclusion
	Acknowledgments
	References


