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Abstract

Prostate cancer is diagnosed mostly in men over the age of 50 years, and has favorable 5-year 

survival rates due to early cancer detection and availability of curative surgical management. 

However, progression to metastasis and emergence of therapeutic resistance are responsible for the 

majority of prostate cancer mortalities. Recent advancement in sequencing technologies and 

computational capabilities have improved the ability to organize and analyze large data, thus 

enabling the identification of novel biomarkers for survival, metastatic progression and patient 

prognosis. Large-scale sequencing studies have also uncovered genetic and epigenetic signatures 

associated with prostate cancer molecular subtypes, supporting the development of personalized 

targeted-therapies. However, the current state of mainstream prostate cancer management does not 

take full advantage of the personalized diagnostic and treatment modalities available. This review 

focuses on interrogating biomarkers of prostate cancer progression, including gene signatures that 

correspond to the acquisition of tumor lethality and those of predictive and prognostic value in 

progression to advanced disease, and suggest how we can use our knowledge of biomarkers and 

molecular subtypes to improve patient treatment and survival outcomes.

Introduction

The introduction of prostate specific antigen (PSA) in 1987 has led to prostate cancer (PCa) 

becoming the most commonly diagnosed malignancy in men in the United States, and it is 

predicted to have the second highest cancer-related mortality in men after lung cancer [1–4]. 

Although advancements in diagnostic and imaging technology have allowed PCa to be 

discovered in earlier stages, it remains a disease that afflicts primarily older men, with only 

9.2% of all cases between 2012 and 2016 diagnosed in men younger than 55 years of age [2, 

3]. The probability of developing invasive PCa also increases with age, with men over 70 

years old having an 8.2% chance of developing invasive PCa, whereas men in younger age 
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group (50–59 years-old) have only a 1.8% chance [4]. Most patients diagnosed with PCa 

have favorable prognoses, with an estimated mean 5-year survival rate of 98% based on data 

from the most recent Surveillance, Epidemiology, and End Results registry [3]. This high 

survival rate is attributed to the high incidence of localized disease at diagnosis, for which 

curative treatment with surgery or radiation achieves a 5-year survival rate of 100% [3]. In 

contrast, patients diagnosed with distant metastatic disease had a 5-year survival rate of 

30.5% [3].

Tumor recurrence after primary treatment is a major cause of mortality in PCa, significantly 

contributing to the halted decline in PCa mortality rates in recent years [4]. Although 

androgen deprivation therapy (ADT) in the form of gonadotropin-releasing hormone 

(GnRH) and androgen receptor (AR) antagonists can improve patient survival and clinical 

outcomes, therapeutic resistance and lethal disease eventually develop in most cases as they 

progress to castration resistant prostate cancer (CRPC) and metastatic CRPC (mCRPC). The 

overall survival of patients with advanced mCRPC is variable, ranging from a few months to 

a few years, and particularly diverse in racial minorities with a significantly higher incidence 

and lethal disease among African American patients, compared to their white counterparts 

[5]. Therefore, genomic profiling using plasma DNA or circulating tumor cells (CTCs) can 

be critically important in guiding clinical decision making by improving our understanding 

of treatment resistance profiles, metastatic potential, personalized therapeutics, and patient 

prognosis with noninvasive issue biopsy [6, 7]. In the last decade, bioinformatics and system 

biology approaches have allowed for significant advancements in PCa risk stratification, 

treatment strategies, and disease monitoring toward personalized therapy. In this review, we 

examine PCa specific gene signatures associated with treatment resistance and tumor 

recurrence as predictive markers of clinical outcomes. We will also discuss advantages of 

big data analysis and tumor subtyping toward advancing personalized treatment strategies to 

overcome lethal PCa.

Contributors to tumor journey to metastasis

Growth kinetics: cell proliferation and apoptosis

Increased tumor burden by way of increased proliferation and decreased tumor cell death is 

a key driver of PCa aggressiveness. Although tumor migration via epithelial to mesenchymal 

transition (EMT) is generally associated with decreased proliferation, tumor growth and 

proliferation is necessary for the establishment of new tumor colonies at distant sites and the 

development of metastases [8]. A highly aggressive PCa Pb-Cre4 mouse model, harboring 

Pten and Smad4 (Ptenpc−/−Smad4pc−/−) conditional knockout alleles developed prostatic 

intraepithelial neoplasia (PIN) lesions at 7 weeks of age, focally invasive PCa at 11- weeks, 

and ultimately highly aggressive PCa with invasive characteristics by 15-weeks, with death 

resulting at 32 weeks of age. Ptenpc−/−Smad4pc−/− mice also demonstrated greater metastatic 

potential compared to Ptenpc−/− prostate tumor-bearing mice, developing metastases to 

draining lumbar nodes in all cases and lung metastases in a subset of cases [9]. Interestingly, 

cyclin D1 (CCND1) and osteopontin (SPP1) levels are significantly increased in the 

metastatic Ptenpc−/−Smad4pc−/− model compared to the Ptenpc−/− mice, and enforced 

expression of CCND1 and SPP1 significantly enhanced the in vivo prostate tumor xenograft 

Wang et al. Page 2

Oncogene. Author manuscript; available in PMC 2021 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



proliferation and invasion, respectively [9]. Other cell growth and proliferation genes in 

addition to CCND1 are also highly enriched in the metastatic Ptenpc−/−Smad4pc−/− PCa 

transcriptome, leading to neutralization of oncogene-induced senescence, as a consequence 

of increased tumor proliferation. Combined with the Gleason score, this four-gene signature 

consisting of PTEN, SMAD4, CCND1, and SPP1 improves prognostic accuracy for 

biochemical recurrence (BCR) and development of metastasis, and highlights the 

“functional intimacy” and interactive rigor in the dynamic interplay between the process of 

tumor growth and invasion.

In addition to cellular growth, resistance of primary tumor epithelial cells to anoikis is 

integral to the initiation of metastatic spread. Defined as apoptosis induced by cellular 

detachment from the surrounding extracellular matrix (ECM), anoikis is a major barrier to 

cancer metastasis as tumor cells must survive in circulation after extravasation from the 

primary site. Aberrant activation of receptor tyrosine kinase signaling, MAPK signaling, and 

Ras family of small GTPases have been linked to anoikis-resistance across a variety of 

cancers [10]. Though the underlying mechanism for PCa anoikis is not yet fully understood, 

the heart of PCa anoikis resistance is dependent on aberrant anti-apoptotic signaling in the 

ECM-integrin cell survival pathway, the mitochondrial-mediated survival pathway, as well 

as an increase in EMT activity that activate similar downstream signaling as seen in other 

tumor types [11–15]. Basal cells that reside between the basement membrane and the 

luminal epithelial cells are prime examples of cells that escape detachment-mediated 

apoptosis by expressing cell surface adhesion molecules and ECM proteins that allow for 

cell-autonomous interactions. Moreover, prostate basal cells exhibit an inherently 

mesenchymal phenotype, a pro-EMT gene signature, and high levels of MAPK and AKT 

activity that also protect them against anoikis [16]. In contrast, luminal epithelial cells make 

up a terminally differentiated cell population without the ability to regenerate, and is 

therefore highly susceptible to anoikis-related cell death. Interestingly, dissociated murine 

luminal epithelial cells overexpressing Notch intracellular domain (NICD) can become 

anoikis-resistant, gaining the ability to form luminal cell-predominant spheres that appear 

morphologically similar to stable basal cell spheres. Furthermore, a small percentage of 

NICD-expressing luminal cells demonstrate enhanced survival and proliferation, likely due 

to increased PI3K-AKT activity caused by Notch-mediated Pten repression [16]. 

Interestingly, increased Notch activity could be a driver for the development of mCRPC, as 

Notch targets Hey1/2 and HeyL can act as AR corepressors.

Nuclear factor (NF)-κB activity has also been implicated in mediating anoikis resistance, 

both as a downstream target of Notch activity via a Hes1-dependent mechanism and also 

through a pro-inflammatory mechanism involving overexpression of leukotriene B4 

receptor-2 (BLT2) [17]. Sphere-forming luminal cells that overexpress NICD showed 

approximately a twofold increase in NF-κB activity, as well as increased expression of anti-

apoptotic, NF-κB targets Bcl-2, Bcl-xL, and cIAP1 [16]. In anoikis-resistant PC3 prostate 

tumor cells, cell detachment resulted in a time-dependent increase in BLT2 expression and 

subsequent generation of NADPH oxidase (NOX)-mediated reactive oxygen species (ROS) 

[17]. This BLT2-ROS cascade results in redox-initiated NF-κB activation in detached PC3 

cells and subsequent upregulation of anti-apoptotic signals in the absence of cell attachment. 

Though Lee et al. demonstrated upregulated NF-κB activity in luminal epithelial cells that 

Wang et al. Page 3

Oncogene. Author manuscript; available in PMC 2021 February 12.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



overexpress NICD, NF-κB-mediated anoikis-resistance is generally more commonly 

associated with cells with progenitor characteristics with inherently increased NF-κB 

signaling [18].

Phenotypic interconversions of EMT to MET

Human PCa invasion and metastatic progression is causally driven by EMT and phenotypic 

interconversion to mesenchymal to epithelial transition (MET). Originally identified as a 

critical phenomenon during embryonic development, EMT is phenotypically defined by the 

loss of epithelial traits and the gain of mesenchymal characteristics orchestrated by a 

complex series of genetic, epigenetic, and post-translational events within the tumor and its 

microenvironment [19]. The EMT phenotype is characteristically activated in invasive 

carcinoma, and the emerging journey to metastasis subsequently engages phenotypic 

configurations with dynamic EMT interconversions to MET. In epithelial cancers, EMT 

induction confers a cancer stem-cell phenotype, enabling direct colonization of foreign 

tissue sites and consequential metastasis formation, acquisition of therapeutic resistance, and 

self-renewal capabilities. Loss of tumor E-cadherin expression is a well-known hallmark of 

EMT initiation contributing to tumor invasive and metastatic properties [20]. In PCa, E-

cadherin functions to preserve cellular organization by recruiting polarity-determining 

proteins to the lateral cell membrane, including Scribble cell polarity protein and spindle 

positioning determinant leucine-glycine-asparagine repeat protein [21]. Loss of E-cadherin 

due to disruption of cell-cell adherence interactions (Fig. 1) results in detachment-induced 

cellular division and can directly lead to the formation of PIN lesions in mice with 

subsequent carcinogenesis [21, 22]. E-cadherin loss of protein expression in PCa cells is 

commonly the result of transcriptional repression. For example, Wilms tumor 1 (WT1) 

transcription factor and trefoil factor 1 (TFF1) are important promoters of EMT and have 

been shown to decrease E-cadherin expression via direct transcriptional modulation of the E-

cadherin promoter PCa cell lines [23]. Enhancer of Zeste homolog 2 (EZH2), a 

methyltransferase catalytic component of Polycomb repressive complex 2 and a known 

marker of aggressive PCa phenotypes, can also directly silence E-cadherin expression via 

promoter methylation [11, 24, 25]. This is initiated by eHsp90-dependent activation of 

MEK/ERK, which facilitates the recruitment of EZH2 to the E-cadherin promoter [11].

In addition to E-cadherins, the tretraspanin protein family has been recently recognized as 

valuable biomarkers in PCa progression [26, 27]. Tetraspanins are cell-surface proteins with 

important roles in maintaining cellular organization and structure, including strengthening 

integrin-mediated cellular adhesion, cell morphology, motility, and tumor progression. 

Consequential to the complexity of interacting molecular networks navigating the tumor cell 

surface, integrin-associated tetraspanin CD151 remains controversial regarding its clinical 

significance and functional impact in human PCa progression to lethal disease. Induced by 

androgens, Tetraspanin 1 (TSPAN1) is significantly upregulated in PCa compared to normal 

prostate and benign prostatic hyperplasia. Increased TSPAN1 expression causes downstream 

upregulation of EMT-related genes such as SLUG and ARF6, leading to cell invasion and 

metastatic progression [26]. Specifically, tetraspanin CD151 has been functionally 

implicated in initiating the metastatic journey of PCa and studies in pre-clinical models 

(CD151-KO) demonstrated that loss of CD151 leads to decreased prostate tumor metastases 
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to the lung [27]. However, recent studies integrating the dynamics of CD151 protein 

localization in clinical PCa cohorts with bioinformatic interrogation of the TCGA database, 

and functional evaluation at the cellular level, revealed that CD151 serves as a tumor 

suppressor in PCa progression. Of major translational significance was the observation that 

in primary prostate tumors from patients with metastatic disease, CD151 largely localized at 

cell-cell junctions was inversely associated with Gleason grade and tumor stage [28].

Angiogenesis: sustaining tumor vascularity

Angiogenesis is critically important for PCa survival, proliferation, and invasion. In tumor 

angiogenesis, poor vessel integrity impairs delivery of oxygen, nutrients, and drugs, while 

also facilitating tumor intravasation [29]. Impaired oxygen levels stimulate a hypoxic 

response, causing further tumor secretion of vascular endothelial growth factor A (VEGFA) 

and the initiation of a vicious pro-angiogenic cycle [29]. Earlier studies have established that 

in PCa that increased levels of androgens and activated AR signaling play critical roles in 

upregulating vascular endothelial growth factor (VEGF) expression. Thus, VEGFA is 

transcriptionally regulated by AR, and overexpression of AR coregulator KDM1A promotes 

VEGFA expression to promote PCa recurrence [30]. This dependency on AR signaling also 

accounts for the high vascularity observed in CRPC, as most CRPC tumors exhibit aberrant 

AR activation in the setting of androgen deprivation [31]. Interestingly, angiogenesis 

remains active in CRPC tumors exhibiting a neuroendocrine (NE) phenotype despite low AR 

signaling, as NE CRPCs are known to be highly vascular. This is attributed to an ADT-

mediated increase in CREB (cAMP response element-binding protein) activity, leading to 

NE marker expression, notably EZH2, and subsequent transition to a NE phenotype [32, 33]. 

This series of events allows CRPCs to bypass androgen-dependent angiogenesis by direct 

epigenetic silencing of anti-angiogenic factor TSP1 via a CREB/EZH2/TSP1 axis. It is also 

useful to note that TSP1 is highly expressed in mCRPC compared to localized PCa, making 

it a potential biomarker for identifying aggressive CRPC subtypes [33].

Molecular determinants of tumor progression and therapeutic resistance

An array of molecular markers with high prognostic significance in PCa are typically genes 

associated with the development of aggressive metastatic disease, such as those functionally 

contributing to the regulation of phenotypic EMT, proliferation, invasion, resistance to 

apoptosis, and anoikis evasion (as schematically shown on Fig. 1) [34–37]. A classic 

example, is evidence by Cuzick et al. who created a proliferation-based prognostic score 

derived from mRNA expression levels of 31 genes involved in cell cycle progression (CCP), 

including TOP2A, RRM2, and BIRC5 that were previously associated with PCa prognosis 

[36]. These genes were selected based on their significant “signature expression profile” 

correlation, resulting in a get set that is robust in measuring tumor proliferation, but 

containing little information related to other causes for tumor aggressiveness. Nonetheless, 

this signature significantly predicted time to BCR and mortality in a retrospective study of a 

prostatectomy cohort and a conservatively managed transurethral resection (TURP) cohort, 

respectively. However, focusing solely on tumor proliferative ability does not provide a 

complete picture, as PSA still demonstrated significant prognostic ability independently of 

the CCP score in the two retrospective cohorts. This suggests that PSA might be capturing 
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information that is unrelated to tumor proliferation, and the combination of PSA with 

markers that measure tumor proliferative ability can greatly improve the accuracy in 

predicting patient prognosis [36].

As previously discussed, the initiation of EMT inevitably leads to a more aggressive tumor 

type and poor patient outcome, and genes regulating in EMT and tumor invasion are thus 

valuable markers for patient prognosis as well [38]. Univariate cox regression analysis of a 

230-case cohort showed that overexpression of SOX4, a member of the SOX family of 

transcription factors associated with increased cell proliferation and EMT, can significantly 

predict PCa mortality [39]. In addition, upregulation of SPOCK1 (Sparc/osteonectin, cwcv, 

and kazal-like domains proteoglycan 1), an oncogene encoding a protein member of the 

SPARC (secreted protein, acidic, cysteine-rich) family, has been associated with shorter 

disease free survival time in PCa likely due to SPOCK1-mediated upregulation of EMT [40]. 

Hypoxia within the tumor microenvironment seems to play a major role as an inducer of 

EMT, and has been associated with selecting for aggressive tumor cell survival [41]. 

Estrogen receptor β1 (ERB1) has been shown to negatively regulate hypoxia-induced EMT 

by repressing VEGFA transcription via regulating key response elements in the VEGFA 
promoter as well as destabilizing hypoxia inducible factor 1α (HIF-1α). In addition, one 

must consider that expression of ERB1 in the prostate glandular epithelium, can prevent 

EMT induction by preserving an epithelial phenotype, via its ability to sustain E-cadherin 

transcription, and sequester the transcriptional regulator Snail1 in the cytoplasm [41]. 

Interestingly, the β2 variant of the estrogen receptor (ERB2) stabilizes HIF-1α protein 

expression to promote a hypoxia gene signature in a normoxia state, assigning layers of 

functional complexity to the role of the ERB protein family members in PCa progression 

[42].

Finally, noncoding genes can also significantly influence patient outcome due to their 

regulatory roles in tumor invasion, proliferation, angiogenesis, and apoptosis. Though small 

nucleolar RNAs and long noncoding RNAs have been shown to play prognostic roles, 

perhaps the most well-studied subset of noncoding RNAs in PCa are microRNAs (miR) [43–

46]. There exists dramatic downregulation of microRNA expression in PCa as a result of 

global promoter hypermethylation, resulting in the upregulation of many major cancer 

promoting pathways [47]. miR-200b, a member of the miR-200 family EMT regulators, is 

one such microRNA silenced via CpG island methylation in PCa [48]. miR-200b 

upregulation in PCa is associated with decreased tumor aggressiveness and reduced 

metastasis, likely mediated by the acquisition of epithelial markers such as E-cadherin, 

leading to EMT reversal. Interestingly, miR-200b is a downstream target of the AR, and its 

expression is increased in response to increased AR signaling [48]. It would thus be 

noteworthy to understand the role of miR-200b in mCRPC, especially in those tumors whose 

resistance is due to paradoxical downregulation of AR signaling. In addition to miR-200b, 

miR-23b and miR-34b are microRNA regulators of EMT also silenced by hypermethylation. 

Majid et al. demonstrated that both miR-23b and miR-34b are associated with favorable 

overall survival and recurrence free survival in PCa as a result of their roles in Akt-mediated 

inhibition of tumor cell proliferation, migration, invasion, as well as inducing G0/G1 cell 

cycle arrest, making them valuable prognostic markers with potential for tracking PCa 

disease progression and predicting patient outcome [37, 49]. A number of angiogenesis 
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regulators are downregulated as well, such as the tumor suppressor miR-137, miR-212, and 

miR-218 [30, 50, 51]. In contrast, overexpression of pro-angiogenic miR-30d and let-7d is 

associated with increased tumor vascularity and poor clinical outcomes [52, 53]. Last, one 

must not forget that resistance to anoikis-mediated cell death is a critical characteristic of 

cells undergoing EMT. miR-132 methylation in PCa is correlated with high Gleason scores 

and advanced tumor stage, likely due to its role in maintaining tumor cell-to-ECM integrity, 

as re-expression of miR-132 in PC3 cells resulted in tumor cell detachment and eventual 

anoikis-mediated cell death [54].

Resistance to hormone therapy (targeting androgen axis)

Prostate cancer recurrence is an unfortunate clinical outcome after primary surgical and/or 

radiotherapy, and is monitored by tracking time to PSA doubling, radiographic progression, 

and nomograms to assess recurrence risk [1]. To minimize the chance of recurrence, ADT is 

typically administered after primary therapy, and first-line ADT consists of GnRH agonist-

induced chemical castration to lower testosterone levels. To enhance the androgen 

deprivation effects of a GnRH-agonists, combination therapy with a competitive AR 

antagonist, i.e., an antiandrogen, is frequently administered to minimize acute systemic 

testosterone surges and improve treatment outcome [31]. Although most patients are initially 

responsive to ADT, the majority of patients will experience treatment resistance and eventual 

progression to CRPC [31]. Next generation AR inhibitors such as abiraterone, an inhibitor of 

the enzyme 17α-hydroxylase required for androgen production, and enzalutamide, an AR 

antagonist, are currently used in the treatment of CRPC and directly abrogate AR signaling. 

However, mCRPC development and lethal therapeutic resistance are still major concerns 

[31].

A major driver of the development of CRPC is the high intratumoral levels of androgens that 

activate AR signaling even under ADT-depleted conditions. The adrenal glands have been 

shown to provide circulating androgens in LuCaP35CR and LuCaP96CR mouse CRPC 

xenograft models, including androstenedione (AED), dehydroepiandrosterone (DHEA), and 

testosterone, that are found in high levels intratumorally [55]. Castrating these mice did not 

affect their levels of adrenal androgens or their downstream metabolites, and mice that 

underwent only castration demonstrated poorer median survival compared those that also 

underwent adrenalectomy in addition to castration [55]. Although adrenalectomy is usually 

not a feasible therapeutic option in PCa, this study nonetheless demonstrated the 

significance of extra-gonadal sources of androgens and their impact on PCa therapeutic 

resistance.

Perhaps what would be more actionable targets in CRPC are steroidogenic enzymes that 

contribute to high levels of intratumoral androgens. 17β-hydroxysteroid dehydrogenase type 

5 (HSD17B5), a key steroidogenic enzyme encoded by the AKR1C3 gene, facilitates the 

conversion of weak androgens such as AED and 5α-androstanedione to more active 

androgens such as testosterone and DHT [56]. HSD17B5 can further promote tumor 

aggressiveness in CRPC by acting as a coactivator of AR as well as increasing AR-V7 

protein expression through enhancing protein stability [57, 58]. Interestingly, AKR1C3 
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expression is not detected in the normal prostate, but is present at high levels in metastatic 

PCa and is associated with both abirarterone and enzalutamide resistance [59, 60].

Another important steroidogenic enzyme is 3β-hydroxysteroid dehydrogenase type 1 

(3βHSD1), which is critical in the conversion of adrenal DHEA to DHT and catalyzes the 

rate limiting step in this reaction. A subset of CRPCs express N367T (1245A > C) gain-of-

stability mutation, which protects the enzyme from ubiquitin-dependent degradation, leading 

to significantly increased levels of DHT and subsequent AR activation and ADT resistance 

[61]. Patients that inherit one or two copies of the HSD3B1 (1245A > C) allele of 3βHSD1 

demonstrated significantly decreased progression free survival, metastasis-free survival, and 

overall survival compared to patients with two wild type copies of this gene [62]. This 

makes the HSD3B1 (1245C) allele a potential biomarker for predicting ADT resistance and 

rapid development of CRPC.

Resistance to ADT can also be attributed to reactivation of AR signaling as a result of gain 

of function mutations, AR gene amplification, structural alterations, or, paradoxically, even 

loss of AR expression and/or downstream AR signaling [63]. For example, patients with 

prior abiraterone exposure demonstrated increased AR expression and AR nuclear 

localization that is associated with upregulation of tumor Ki-67 expression and ADT 

resistance [64]. The presence of the AR splice variant 7 (AR-V7), which contains a 

truncated version of the ligand-binding domain, also predicts lack of clinical benefit to AR 

axis-targeted therapies (AATT) as well as antiandrogen cross-resistance in patients with 

mCRPC [65–67].

In addition to AR pathway alterations, the development of neuroendocrine prostate cancer 

(NEPC) is another mechanism of ADT-resistance and is highly correlated with exposure to 

androgen deprivation [68]. Similar to CRPCs and primary PCa, a large portion of NEPCs 

exhibit ERG rearrangements and PTEN deletions. However, NEPCs have little to no AR 

expression, and consequently absent PSA as well [68, 69]. Instead, NEPCs exhibit distinct 

NE lineage markers, including neuronal-specific enolase, chromsogranin A, and 

synaptophysin, as well as loss of tumor suppressors such as RB1 and TP53 [32, 70, 71]. 

Overexpression of N-Myc (MYCN) is also a defining characteristic of NEPCs and is a key 

driver of NEPC aggressiveness. N-Myc repression of AR signaling not only leads to prostate 

tumor desensitization to androgen antagonists and castration therapy, it also regulates AR-

AKT crosstalk by downregulating AR target FKBP5, a scaffolding protein for AKT and 

PHLPP that promotes PHLPP dephosphorylation of AKT to negatively regulate AKT 

activity [72, 73]. Consequently, increased N-Myc expression in mouse PCa organoids results 

in increased phosphorylated-AKT levels and increased AKT activity, making PI3K/AKT 

inhibitors a potentially highly effective treatment strategy in NEPC [74]. Finally, recent 

studies have demonstrated the close relationship between N-Myc and Aurora kinase A 

(AURKA) coexpression. Independent from its catalytic activity, Aurora-A stabilizes N-Myc, 

and treatment with Aurora-A inhibitor MLN8237 resulted in rapid N-Myc degradation in 

LNCaP-N-Myc PCa cells [68, 74].

In addition, cell fate regulators ASCL1 and hASH1 are also closely involved in the 

development of NE-like features in CRPC after androgen deprivation. Decreased androgen 
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signaling induces ASCL1 transcript and protein expression as well as hASH1 nuclear 

localization in LNCaP PCa cells, leading to the development of NE characteristics such as 

neuronal projections [75]. Moreover, ASCL1 expression was persistently elevated post-ADT 

even after the reintroduction of androgen, and further rounds of ADT mimicking cycles of 

intermittent ADT (iADT) caused incremental increases in hASH1 expression [75]. This 

cellular response supports that iADT may actually enhance tumor aggressiveness by rapidly 

inducing NE transdifferentiation and clinical emergence of CRPC with each round; thus the 

ability to trace ASCL1/hASH1 expression during iADT could be of relevant value in 

predicting prognosis in advanced disease [75].

Interestingly, MMP9 expression in androgen deprived (androgen-sensitive) LNCaP cells 

decreased with androgen supplementation, suggesting that presence of androgens may 

decrease the invasive potential of PCa epithelial cells [75]. This finding aligns well with 

recent evidence showing that enzalutamide promotes EMT by decreasing E-cadherin 

expression in mCRPC, in addition to inducing NE marker expression [76]. Not only EMT 

contributes to the emergence of mCRPC, but one must also consider that the EMT 

phenotype been causally linked to accelerated development of therapeutic resistance, 

treatment failure and ultimately and lethal disease [77].

Last but not least, there is compelling evidence to support that prostate tumors can acquire 

ADT-resistance by the process of dedifferentiation into a stem cell-like state [63, 78–81]. 

Indeed, a tumor subpopulation identified by ALDH-hi, CD44+, α2β1+ characteristics 

demonstrated cancer stem cell (CSC)-like qualities such as enhanced tumor-initiation and 

tumor-propagation in androgen-ablated male mice [82]. This triple marker positive 

population is enriched in a LAPC9 cell line-based CRPC model, as well as cells and in 

primary tumors under androgen-deprived culture conditions [82]. Activation of the Wnt 

signaling pathway has also been identified a contributor to post-ADT prostate tumor 

recurrence, and both canonical and non-canonical Wnt signaling are associated with 

treatment failure after ADT [83, 84]. Wnt activation and signaling opposes the 

antiproliferative effects of ADT, and data from single cell RNA sequencing of CTCs 

demonstrated both intra- and inter-patient heterogeneity of non-canonical (nc) Wnt signaling 

activation in recurrent disease [84]. Patients undergoing ADT had increased Wnt5a ligand 

expression and ncWnt signaling relative to controls and Wnt5a is induced by the second 

generation antiandrogen, enzalutamide [84]. In abiraterone-resistant mCRPC, components of 

the canonical Wnt/β-catenin pathway were frequently mutated, and negative regulators of 

Wnt/B-catenin were found to be downregulated or deleted [83].

Resistance to chemotherapy

Acquired resistance to 1st line chemotherapy docetaxel (DTX) is a major driver of patient 

mortality in CRPC. RNA sequencing of DTX-sensitive and DTX-resistant PCa cell lines 

demonstrated increased expression of CSC-associated genes such as NES, TSPAN8, DPP4, 

DNAJC12, and MYC in DTX-resistant cells [85]. CD133 (prominin-1), a biomarker of 

DTX-resistance, is also present in cells expressing markers for CSC (CD44, OCT4, SOX9, 

NANOG), EMT (c-myc, BMI1), and osteoblastic differentiation (Runx2) and skeletal 

morphogenesis (BMP2) [86]. DTX-resistant CD133+ cells have greater proliferative 
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potential, as demonstrated by increased Ki-67 expression in CD133+ CTCs compared to 

CD133− CTCs [87]. In addition, Expression of renewal and stemness genes such as MYC, 

NANOG, ALDH1A1, and LIN28A in DTX-resistant cells can also be induced by PTOV1, a 

PCa oncogenic protein predictive of metastasis and poor prognosis. Consequently, PTOV1 
expression is directly correlated with DTX-resistance, and the simultaneous presence of 

increased PTOV1, CCNG2, and ALDH1A1 expression in primary tumors is predictive of 

tumor invasion and metastasis [88]. Other mechanisms of DTX-resistance include loss of 

p53 function, increased β-tubulin isoform expression, decreased BRCA1 expression, and 

increased expression of the drug efflux pump ABCB1 (ATP Binding Cassette Subfamily B 

Member 1) [89].

In the face of DTX-resistance, cabazitaxel (CBZ), a second-line taxane chemotherapy is 

used to treat patients with mCRPC, though it does not alter disease course but merely 

prolongs patient survival in late stage disease [90]. Cabazitaxel treatment targets the 

microtubule depolymerizing kinesins toward inducing mitotic spindle collapse and 

multinucleation, and resistance is typically the result of mutations in CBZ targets such as 

tubulin subunits and participants of microtubule assembly, as well as mutations in AR [91]. 

However, the development of cross-resistance to CBZ in PCa patients previously treated 

with DTX, leads to PCa patient mortality consequential to taxane chemotherapy. Thus 

ABCB1 is not only a marker for DTX-resistance, but its overexpression also contributes to 

the development of CBZ cross resistance, and ABCB1 small molecule inhibitor elacridar 

can resensitize DTX-resistant cells to CBZ [89]. TUBB3 (Tubulin B 3 Class III) 

overexpression is also implicated in cross resistance between DTX and CBZ, as treatment 

with TUBB3 inhibitor LY294002 enhanced PTEN expression and re-sensitized cancer cells 

to both DTX and CBZ [92].

In contrast to DTX/CBZ cross-resistance, resistance to 2nd line taxane as a monotherapy 

(CBZ) in PCa patients is not a consequential to antiandrogen treatment [93–96]; rather, 

reduced AR activity is associated with enhanced sensitivity to CBZ and better patient 

outcomes [93–96]. Thus CBZ is highly effective in the targeting prostate of under reduced 

AR activity. Mechanistically 1st and 2nd generation antiandrogens bicalutamide and 

enzalutamide (respectively) increase therapeutic vulnerability of androgen-independent 

prostate tumors to CBZ via decreased ABCB1 ATPase activity inhibition [89, 97, 98]. The 

anti-tumor effects of 2nd line taxane chemotherapy (CBZ) are abolished under high AR 

activity, implicating an optimized therapeutic benefit with a sequential/combinatorial 

strategy of CBZ with antiandrogens/ADT, when given in patients with hormone-naïve early 

stage PCa, not lethal disease [96, 99].

The challenge of biomarker validation

Currently, the modified Gleason classification system is the primary method for clinical 

characterization of PCa aggressiveness, and serves as the main guide for downstream 

management [1]. However, due to variables such as insufficient sampling, fragility of biopsy 

tissue, tissue heterogeneity, and inconsistent biopsy practices, discrepancies are not 

uncommon between pre-operative and post-prostatectomy GS [1]. Although post-

prostatectomy GS is one of the most accurate prognostic tools for disease risk stratification, 
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prostatectomy is invasive and associated with significant risk for patient morbidity and 

mortality [100]. Blood PSA, though less invasive, does not always reflect the presence or 

severity of recurrence and is insufficient for purposes of risk stratification and disease 

monitoring [1, 101]. However, despite favorable PSA levels, tumors can still harbor 

aggressive characteristics [102]. The shortcomings of the Gleason classification system and 

serum PSA levels make it necessary to push for more accurate methods for diagnosis, risk 

stratification, prognosis prediction, and recurrence monitoring.

Identification of critical molecular players in tumor initiation and progression from large-

scale data analysis has led to characterization of biomarkers for invasive and therapeutic 

resistant phenotypes in lethal disease [103–105]. SCNAs, gene fusions, and mutational 

burden in post-prostatectomy samples are strongly predictive of PCa relapse and poor 

prognosis [78, 88, 106–114]. Moreover, large-scale transcriptomic studies have identified 

several gene signatures that predict BCR, lymph node invasion, and metastases, including 

PCa specific genes BTG2, IGFBP2, SIRT1, MXI1, FDPS, SPINK1, as well as ERG fusion 

and noncoding RNAs [114–117]. Clinically, these expression-, fusion-, and mutation-based 

gene signatures can be adapted into a post-RP risk-stratification workflow to identify 

patients requiring intensive multi-modal therapy before showing radiological or clinical 

evidence of metastasis.

With advancements in the understanding of disease markers, combining current PSA-based 

screening protocols with noninvasive biomarker panels will allow a better understanding of 

the patient’s risk before biopsy or prostatectomy [118, 119]. For instance, CTCs with 

divergent expression of genes related to DNA repair, cancer stemness, EMT, therapeutic 

resistance, and tumor-microenvironment crosstalk with potential for prognostic value have 

been successfully identified [120]. Synaptophysin expression on CTC surface is useful in 

tracking ADT-resistance due to development of NE characteristics, and detection of AR-V7 

expression in CTCs can help identify patients with poor outcomes after AATT treatment [65, 

121]. Furthermore, stem and progenitor cell marker CD133, heat shock proteins, clusterin, 

interleukin-6, and macrophage inhibitory cytokine-1 can also serve as noninvasive, blood-

based markers for monitoring taxane-resistance [64, 122]. Prognostic markers in mCRPC 

patient sera was also shown to perform significantly better than current nomograms in 

predicting 12- and 24-month survival, and markers in patient urine also show immense 

promise in PCa detection and risk stratification [7, 123–126]. Lastly, large extracellular 

vesicles shed by tumor cells can be isolated from plasma of patients with metastatic disease. 

These vesicles, termed large oncosomes, contain useful biomarkers of disease progression, 

including AKT1, α-V integrin, and microRNAs that can condition distant sites to create a 

tumor microenvironment favorable for cancer invasion and metastasis [127–131].

Genomic-based PCa subtyping toward the synthesis of a molecular atlas in the context of 

precision medicine is not without limitations. A major concern in cancer genomics studies is 

confidence in distinguishing normal versus tumor tissue, especially in cancers such as PCa 

where there is extensive tumor heterogeneity. Technologies such as whole genome 

sequencing and RNA sequencing (RNA-Seq) have provided new insights into point 

mutations, copy number alterations, and structural variations, as well as patterns of prostate 

tumor heterogeneity, multifocality, and multiclonality toward the development of treatment 
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resistance [132]. But what neither technology addresses is how to navigate the tremendous 

clonal heterogeneity and significant inter- and intra-patient variability that impacts tumor 

progression to lethal disease [133–135]. Both divergent evolution of tumor subpopulations 

and tumor clones with independent tumor origins are key contributors to PCa heterogeneity 

[133, 135]. This heterogeneity results in the formation of distinct molecular subtypes, 

diverse treatment responses, resistance mechanisms, and ultimately, clinical outcomes [136–

139]. The Cancer Genome Atlas (TCGA) Research Group identified seven PCa 

subpopulations with distinct genetic and molecular features [134]. The majority of these 

features consisted of gene fusion events involving members of the ETS family, with other 

cases defined by mutations in SPOP, FOXA1, or IDH1 [134]. Transmembrane protease, 

serine 2 (TMPRSS2) was found to be the most frequent fusion partner in all ETS fusions, 

and TMPRSS2-ERG fusion expression in the blood is associated with poor response to 

docetaxel therapy in mCRPC following enzalutamide treatment [76, 134]. Transcriptomic 

analysis also identified other subtypes including those with PTEN inactivation, SPOP 
inactivation, and Aurora A kinase, N-myc, or SPINK1 overexpression [140]. Most notably, 

subtype-based mutation profiles led to the identification of a mismatch repair gene defect 

and microsatellite instability subtype susceptible to poly(ADP-ribose) polymerase (PARP) 

inhibitor therapy [141, 142].

Large-scale, multi-omics studies have allowed for the identification of both non-progressive 

patient subtypes and highly lethal, treatment-resistant CRPCs [143–145]. For instance, the 

presence of the HSD3B1 (1245C) allele is a predictor of positive patient response to 

extragonadal androgen ablation with nonsteroidal CYP17A1 inhibitors such as 

ketoconazole, suggesting a way for personalized treatment stratification CRPC [146]. In 

addition, AKR1C3 overexpression leads to both abiraterone and enzalutamide resistance due 

to increased intracrine androgen synthesis, prompting a different therapeutic strategy for 

affected patients [147]. Finally, analysis of genome-wide expression profiles from 

prostatectomy or biopsy samples of 19,470 patients led to the discovery of an aggressive, 

AR-low subtype with shorter time to recurrence and metastasis [148]. The decreased DNA 

repair activity associated with this subtype led to increased sensitivity to PARP inhibitors, 

platinum chemotherapy, and radiotherapy [148].

Recognizing the confounding effects of extensive tumor heterogeneity in interpreting bulk 

sequencing data, single cell RNA-Seq can overcome this hurdle to enable researchers to 

identify individual cell subpopulations harboring driver mutations, tumor stem cells, or 

transdifferentiated cell types such as NEPC to a level of granularity not easily feasible with 

bulk sequencing techniques. Noninvasive, single cell-based analysis of CTCs in blood and 

urine samples have already demonstrated utilities in tumor diagnosis and disease tracking in 

PCa and other cancers [84, 149]. In a recent study, genomic profiling of single CTCs 

collected via apheresis liquid biopsies successfully identified patients with tremendous 

heterogeneity in copy number aberrations, suggesting the presence of distinct tumor cell 

lineages within each patient [150]. These cell subpopulations uniquely clustered with each 

patient’s tumor samples collected over the course of their disease, such as diagnostic 

prostatectomy, TURP, mCRPC bone biopsy, and lymph node biopsy [150]. Challenging as it 

might be, predicting the functional cooperation and temporal coordination of multiple 

drivers of diverse resistance mechanisms, noninvasive techniques such as this allows one to 
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follow the clinical subtype closely and frequently to be able to trace tumor evolution, detect 

genomic alterations, and ultimately provide personalized intervention prior to the 

manifestation of clinical symptoms [151]. Methods of effective acquisition of clinical 

specimens, such as liquid biopsy or circulating tumor DNA, are constantly evolving and 

therefore deserving of further development and investigation [152].

Finally, the rapid increase of germline testing in PCa has brought several issues to the 

foreground, including standardization of testing indications, prioritizing gene panels, and the 

availability of result interpretation and genetic counseling services [153]. The 2019 

Philadelphia Prostate Cancer Consensus Conference created a standardized approach to 

testing indications, which include men with metastatic PCa or family history of hereditary 

PCa, as well as defining genes such as BRCA2, BRCA1, and other DNA mismatch repair 

genes as part of a high priority panel for germline mutation testing. However, the role of 

germline testing for genes with lower aggression potential in PCa still remains unclear, 

especially considering our limited knowledge in the setting of cancer stage, grade, patient 

ancestry, or the presence of other inherited tumor syndromes [153]. Although recent works 

have both acknowledged the importance of patient ethnicity and made great strides in the 

understanding of ancestry in the context of genomic alteration profiles, disease progression, 

and patient outcomes, much greater numbers of PCa specimens from minority groups are 

still needed before we can truly appreciate the many complexities of this disease [154, 155].

Conclusions

Advanced PCa is a strikingly heterogeneous disease in (a) the clinical state that affects 

patients with varying metastatic burden and symptoms and (b) the mutational landscape of 

lethal tumors. Thus, incorporating validated biomarkers into workflows and tracing their role 

in PCa diagnosis, treatment, and therapeutic response, will be critical in improving clinical 

outcomes, understanding racial disparities, and overcoming lethal disease. The tremendous 

inter-patient and intra-patient heterogeneity that characterize PCa, calls for avoiding 

considering further the “one size fits all” concept in efforts to make relevant science-based 

recommendations in the clinical management of the disease (Fig. 2). Instead, empowered by 

advanced technology in NGS and big data analysis, personalized profiling methods of 

patient classification into candidates for surgery versus active surveillance would eliminate 

much of the current morbidity and mortality associated with both over- and under-treatment. 

Moreover, genomic sequencing of biopsy or prostatectomy tissue samples will allow for 

improved risk stratification and precisely guide the selection of subsequent therapeutic 

approaches tailored for individual patients. Our ongoing efforts focus on the development of 

a “molecular atlas” based on genomic profiling of CTCs, exosome secretion and plasma 

tumor transcriptome that would navigate noninvasive tracking of therapeutic response and 

tumor recurrence, as well as monitoring clinical tumor progression to metastasis and lethal 

disease.
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Fig. 1. Molecular contributors to prostate cancer aggressiveness.
Tumor proliferation, apoptosis/anoikis evasion, and EMT are functional contributing process 

to tumor recurrence, invasion, and metastasis. Genes including CCND1, SPP1, SOX4, and 

Myb promote tumor proliferation and survival, with Myb also demonstrating a role in 

enhancing survival in the context of ADT-resistance. SMAD4 and PTEN are known tumor 

suppressors, and decreased expression of these genes is known to increase prostate cancer 

growth and invasion. Resistance to anoikis-related cell death is crucial for tumor survival in 

the circulation during metastasis. Overactivation of the eHsp90-EZH2 pathway and 

overexpression of LGALS8 have been shown to promote tumor cell survival and invasion. 

WT1 and TFF1 promote EMT by decreasing E-cadherin expression via direct transcriptional 

modulation, and eHsp90 upregulates expression of EZH2, which decreases E-cadherin 

expression by direct interaction with the E-cadherin promoter to enhance prostate cancer 

invasion. miR-22 and miR-23b have tumor suppressor roles and their loss is associated with 

decreased E-cadherin expression. Consequential to E-cadherin loss, β-catenin is released 

from the plasma membrane and canonical Wnt signaling is activated, leading to acquisition 

of invasive properties. Myb is associated with promotion of filopodia formation, and 

tetraspanins such as TSPAN1 and CD151 are also associated with increased expression of 

classical EMT machinery, promoting cellular motility and dissolution of cell polarity. 
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VEGFA is a direct target of HIF-1α and is transcriptionally regulated by AR, and the 

HIF-1α/p300 pathway and AR-signaling promotes VEGFA production. In the context of 

ADT-resistance, the CREB/EZH2 axis promotes vascularization by allowing tumor cells to 

bypass androgen dependent angiogenesis. miR-30d and let-7d are pro-angiogenic and 

associated with increased tumor vascularity, while miR-137, miR-212, and miR-218 have 

inhibitory roles in angiogenesis and are frequently downregulated in prostate cancer. Finally, 

transdifferentiation and acquisition of a NE phenotype is a critical means of achieving ADT-

resistance. ASCL1 and hASH1 are cell fate regulators that respond to decreased androgen 

signaling by downstream formation of NE characteristics. CSCs exhibit resistance to 

chemotherapy, and CD133+ cells demonstrating DTX-resistance often have increased CD44, 

Oct4, SOX9, and Nanog expression. Expression of renewal and stemness genes such as 

Nanog and Myc are also induced by PTOV1 during CSC formation.
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Fig. 2. Tracing prostate cancer trajectory using a molecular atlas-based personalized strategy.
Personalized tumor profiling from the onset of cancer detection can facilitate stratification of 

patients by disease risk to avoid potential morbidities and mortalities associated with over- 

and under-treatment. While initial therapies may impart significant decreases in disease 

burden, continuous monitoring via serial molecular profiling of patient blood and urine for 

CTCs, exosomes, and/or tumor DNA is critical for timely identification of disease 

recurrence and new tumor populations that may arise. The continued compilation of a 

patient-specific molecular profile throughout the disease course will also encourage early 

identification of potential therapeutics and timely initiation of treatments to control disease 

progression.
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