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The lack of highly specific and sensitive biomarkers for the early detection of prostate cancer (PCa) is a major barrier to its

management. Volatilomics emerged as a non-invasive, simple, inexpensive, and easy-to-use approach for cancer

screening, characterization of disease progression, and follow-up of the treatment’s success.
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1. Introduction

Prostate cancer (PCa) is the second most frequent malignant tumor, the fifth leading cause of cancer death among men

worldwide (the leading cause of cancer death among men in 46 countries), and the most frequently diagnosed cancer in

105 of 185 of the world countries . In 2020, almost 1.4 million new cases and about 0.4 million deaths were estimated

(GLOBOCAN data) . PCa is very heterogeneous in terms of grade and genetics, displaying complex biological,

hormonal, and molecular features . This cancer has different phenotypes, ranging from indolent asymptomatic, a non-

life-threatening form, to metastatic, very aggressive, rapidly progressive, and lethal forms . Unlike diseases such as

breast and colon cancer, no major predisposition genes for PCa have been detected. Instead, multiple chromosomal loci

of susceptibility genes have been identified, and most of the genomic regions remain poorly studied, which explains this

cancer’s heterogeneity . Furthermore, epigenetic factors play an important role in its clinical phenotypes .

PCa and subsequent treatments have a high impact on the functional and psychological status of patients, significantly

affecting their quality of life . The current diagnostic methods are based on the measurement of prostate-specific antigen

(PSA) blood levels, transrectal ultrasound, digital rectal examinations (DRE), and prostate biopsies  (Figure 1).

However, these methods are invasive, expensive, and unpleasant to patients, with consequent risks of unnecessary

complications, and can lead to both false-positive and false-negative results . The PSA test has limited sensitivity

(20.5%) , accuracy (62–75%) , and specificity (51–91%) . Its low selectivity to detect PCa often leads to the

overdiagnosis and overtreatment of relatively indolent tumors with low potential for morbidity or death if left untreated .

Figure 1. Prostate-cancer screening methods.

The advances in OMICs science have contributed to the discovery of new biomarkers for PCa detection, management,

and surveillance. Despite the great efforts and important discoveries, no biomarker has been able to replace PSA in

clinical practice for PCa screening . Hence, need is urgent to find highly specific diagnostic tools for non-invasive

detection of PCa that are preferentially able to stratify patients by cancer aggressiveness and consequent choice of

therapy, which will lead to personalized and targeted therapies. More recently, volatilomics emerged as a promising

approach for the definition of cancer biomarkers, based on metabolites biosynthesized by different metabolic pathways,

and found in readily accessible biofluids, such as saliva, exhaled breath, and urine.
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2. Prostate Cancer Biomarkers

In recent years, advances in molecular medicine have contributed to the discovery of new potential biomarkers to aid in

PCa screening and management. Common liquid biopsies biomarkers include extracellular vesicles (EVs), circulating

tumor cells (CTCs) and DNA (ctDNA), and cell-free DNA (cfDNA) . However, a few issues prevent the effective use of

CTCs and EVs as biomarkers in liquid biopsies for diagnosing PCa, such as the need for specific guidelines for the

biomarker’s isolation and detection. Moreover, the microfluidic devices used to develop liquid biopsies have not yet been

fully validated and standardized . Long noncoding RNAs (lncRNAs) have also emerged as a promising class of PCa

biomarkers. Most lncRNAs associated with PCa are overexpressed in tumor tissues and cancer cells, contributing to

tumor proliferation, invasion, and metastasis. In contrast, only a few lncRNAs are downregulated and may act as tumor

suppressors, in addition to their potential activity as transcriptional regulators and oncogenes. All of these unique features

make lncRNAs promising predictive biomarkers and therapeutic targets for the diagnosis, screening, prognosis, and

progression of PCa. Nevertheless, the molecular mechanisms of action of lncRNAs are not very clear yet and it will be

important to fully understand and investigate the roles and mechanisms of lncRNAs in prostate carcinogenesis . Other

molecular biomarkers for urine, serum, and tissue samples have been developed (Table 1) based on the combination of

imaging techniques with other methodologies, such as gene or protein profiling, to enhance cancer detection, pre-biopsy

decision, determination of cancer risk, and therapeutic management of PCa .

Table 1. Potential clinical utility, characteristics, and availability of prostate cancer biomarkers.

Biomarker
Test Molecular Markers Potential Clinical Utility Characteristics Availability

  Serum biomarkers   

PSA PSA Treatment monitoring
Sensitivity: 60% 
Specificity: 79% 

AUC: 0.55 
 

4KScore Total PSA, free PSA, intact PSA,
hK2

Unnecessary biopsy
reduction of 43% 

Risk prediction of PCa
metastases

Previous negative biopsy

Sensitivity: 75% 
Specificity: 63% 

AUC: 0.71 
CLIA-certified

PHI Total PSA, free PSA, p2PSA
isoform

Unnecessary biopsy
reduction of 40% 

Prediction of high-grade
PCa

Active supervision
monitoring

Sensitivity: 82% 
Specificity: 80% 

AUC: 0.71 
FDA-approved

  Urinary biomarkers   

Progensa
(PCA3)

Long non-coding RNAs (ratio of
PCA3 mRNA:PSA mRNA)

Unnecessary biopsy
reduction of 23–38% 

PCa detection, staging, and
prognosis

Previous negative biopsy

Sensitivity: 69% 
Specificity: 65% 

AUC: 0.73 
FDA-approved

SelectMDx HOXC6 and DLX1 mRNA

Unnecessary biopsy
reduction of 53% 

Prediction of high-grade
PCa

Sensitivity: 91% 
Specificity: 36% 
AUC: 0.71–0.81 

CLIA-certified

MPS PCA3 and TMPRSS2-ERG mRNA

Unnecessary biopsy
reduction of 35–47% 

Predict the risk of PCa and
high-grade PCa

Sensitivity: 93% 
Specificity: 33% 

AUC: 0.69 
CLIA-certified

EPI Exosomal RNA (SPDEF, PCA3,
ERG)

Unnecessary biopsy
reduction of 27% 

Improved identification of
high-grade PCa

Sensitivity: 92% 
Specificity: 34% 

AUC: 0.70 
CLIA-certified

  Tissue biomarkers   

ConfirmMDx DNA hypermethylation GSTP1,
APC, and RASSF1

Prediction of true negative
prostate biopsies

Sensitivity: 68% 
Specificity: 64% 

AUC: 0.74 

Not FDA-
approved yet
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Biomarker
Test Molecular Markers Potential Clinical Utility Characteristics Availability

OncotypeDX mRNA expression (17 genes) Monitoring of tumor
aggressiveness

AUC: 0.73 Not FDA-
approved yet

Prolaris mRNA expression (31 genes) Monitoring of tumor
aggressiveness

AUC: 0.78 FDA-approved

Decipher mRNA expression (22 genes) Treatment monitoring
Sensitivity: 73% 
Specificity: 74% 

AUC: 0.79 
CLIA-certified

ProMark Protein biomarker test (8
proteins)

Monitoring of tumor
aggressiveness

Sensitivity: 90% 
Specificity: 85% 

AUC: 0.72 
CLIA-certified

Abnormalities in these tests indicate the performance of a prostate biopsy. Moreover, risk calculators are combined with

these tests to help determine the risk of cancer, thus reducing the number of unnecessary biopsies. The guidelines

recommend using these tests in combination with the current PCa screening methods (Figure 2) .

Figure 2. Emergent prostate cancer biomarkers for urine, serum, and tissue samples have been developed and can be

used for diagnostic, prognostic, or risk stratification purposes. Legend: EPI, ExoDx Prostate IntelliScore; MPS,

MyProstateScore; PCA3, prostate cancer gene 3; PHI, Prostate Health Index; 4KScore, Four-Kallikrein test.

Biomarkers such as the lncRNA PCA3 and TMPRSS2-ERG fusion gene have shown increased sensitivity and specificity

(Table 1), potentially reducing PCa overdiagnosis. The prostate cancer gene 3 (PCA3) assay detects long non-coding

RNA in urine samples. This test was approved by the Food and Drug Administration (FDA) in 2012; it calculates the ratio

of PCA3 messenger RNAs (mRNAs) versus PSA mRNA in the first urine post-DRE and is approved for patients with a

previously negative biopsy . The Prostate Health Index (PHI) test is an algorithm approved by the FDA that

includes total PSA, free PSA, and p2PSA isoform ([-2] proPSA). PHI calculates PCa probability and is recommended for

men with PSA levels between 2 and 10 ng/mL and no abnormalities in their DRE. This blood test is also able to assess

the likelihood of PCa progression during active surveillance, being used to monitor patients . The Four-Kallikrein

(4KScore) test is a diagnostic algorithm that combines four kallikreins in blood plasma, namely human kallikrein 2 (hK2),

total PSA, free PSA, intact PSA, in addition to the patient’s clinical information (age, DRE results, and prostate biopsy

history). This test assesses the probability of high-grade PCa and is recommended for patients undergoing initial and

repeated biopsy. Moreover, the 4KScore also predicts the risk of occurrence and development of aggressive PCa . The

ExoDx Prostate IntelliScore (EPI) is a pre-biopsy RNA-based assay that uses the expression of PCA3, ERG, and SPDEF,

isolated from urinary exosomes to predict the probability of high-grade PCa (Gleason score ≥ 7) on diagnostic biopsy. This

is the only test that is not based on any other parameters related to PSA or a PSA derivative in the test algorithm to

calculate the result, but clinicians can use it in conjugation with other clinical variables . The SelectMDx and

MyProstateScore (MPS) tests are based on the combination of multiple gene analyses. SelectMDx is a non-invasive test

that measures mRNA transcripts from the genes HOXC6 and DLX1 in urine samples post-DRE and relates them to

clinical risk factors such as age, family history, and PSA levels. This test is used to evaluate the presence of any PCa

during biopsy and the risk of high-grade PCa. It also avoids unnecessary biopsies in the case of low-risk PCa . Serum

and urine biomarkers are used for consideration of initial biopsy, while tissue biomarkers are used to confirm test results.

Tissue biomarkers tests have been developed to aid the clinical practice to decide what kind of therapy should be applied

for different PCa diagnoses. ConfirmMDx is based on pronounced epigenetic changes that are indicative of the presence

of cancer in the benign prostate tissue that is near the focus of PCa. This test determines the level of methylation of the

promoter regions of the genes GSTP1, APC, and RASSF1 in benign prostate tissue, identifying high-grade PCa in

patients with negative biopsies . Prolaris is a prognostic test that measures tumor biology to improve the accuracy of
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risk stratification in men with localized PCa. This test combines the RNA expression levels of 31 genes involved in cell-

cycle progression and 15 housekeeping genes to generate a Prolaris Score. Prolaris can be used to guide patient

selection for active surveillance or definitive treatment . The ProMark test is a protein-based prognostic assay of

eight protein markers (DERL1, CUL2, SMAD4, PDSS2, HSPA9, FUS, phosphorylated S6, and YBOX1) that predicts the

aggressiveness of cancer in patients with Gleason scores of 3 + 3 and 3 + 4. Moreover, ProMark predicts adverse

pathology during radical prostatectomy and predicts if the tumor can be managed with or without aggressive treatment

. The Decipher is a genomic classifier prediction model for metastasis that measures the levels of RNA expression of

22 different genes on post-prostatectomy tissue samples. This test calculates the likelihood of clinical metastases within 5

years of prostatectomy in men with adverse pathological features. It could be a useful tool for diagnosis and local therapy

planning for new PCa patients .

Despite the recent progress in the discovery of new biomarkers, gene mutations, and genomic signatures, some

challenging obstacles must be overcome to develop effective biomarkers. These limitations include tumor heterogeneity,

tumor–host interplay, complexity, multiplicity, and redundancy of tumor-cell signaling networks, involving genetic,

epigenetic, and microenvironmental effects . Additionally, the technologies associated with these approaches are often

expensive, unavailable in many medical facilities, and time-consuming .
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