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Introduction

Prostate cancer is the most common cancer in men in the 
United States, and it is estimated that over 34,000 men will 
die from prostate cancer in 2021 (1). There is therefore a 
need to better understand this malignancy and to develop 
new effective treatment strategies. Localized prostate cancer 
is clinically heterogeneous. Some men have indolent disease, 
and their prostate cancer is not likely to progress or cause 
death during their lifetime. Others have more aggressive 
disease that progresses to metastatic and lethal disease. 
In addition to clinical heterogeneity, there is molecular 
heterogeneity across patients with newly diagnosed prostate 
cancer, characterized by distinct genomic (e.g., TMPRSS2-

ERG, SPOP, BRCA2) and transcriptomic differences (2-4). 
For patients that develop metastatic disease, androgen 

deprivation therapy (ADT) represents the backbone of 
therapy, typically given in combination with docetaxel 
chemotherapy or potent androgen receptor (AR)-targeted 
drugs (5,6). For metastatic castration resistant prostate 
cancer (mCRPC), there are several approved drugs with 
varied mechanisms of action (7). Molecular biomarkers 
in advanced prostate cancer have largely focused on 
identifying genomic alterations that predict response to 
systemic therapies or identifying mechanisms of resistance. 
Most treatment resistant prostate cancers are still driven 
by AR signaling, but non-AR driven prostate cancer is an 
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emerging subtype of therapy resistance.
In addition to genomic alterations, epigenetics plays 

a key role in prostate cancer initiation, progression, and 
treatment resistance. Epigenetics is the study of alterations, 
such as DNA methylation and histone modifications, which 
alter DNA accessibility and chromatin structure, thus 
influencing patterns of gene expression, but without altering 
the genetic code itself. Targeting epigenetic pathways is 
emerging therapeutic strategy in prostate cancer. Moreover, 
unique epigenetic patterns in cancer cells, such as specific 
DNA hypo- or hypermethylated sites or expression of 
key regulators, offer potential as diagnostic or predictive 
biomarkers (Figure 1). Here we review recent advances in 
the field and discuss the potential clinical implications of 
epigenetics across the prostate cancer continuum.

Role of epigenetics in localized prostate cancer

DNA methylation 

Findings suggesting that DNA methylation contributes 
to prostate cancer development were reported in the early 
1990s. In particular, cytidine methylation of regulatory 
sequences near the glutathione-S-transferase (GSTP1) gene 
was associated with prostate tumorigenesis (8). The GSTP1 
gene encodes an enzyme involved in the protection of DNA 
from oxidants and carcinogens. In prostate cancer, GSTP1 
is methylated at its promoter region which associates with 
loss of GSTP1 expression in tumor cells. Hypermethylation 
of the GSTP1 promotor occurs in approximately 75% of 
pre-invasive high-grade prostatic intraepithelial neoplasms, 
in more than 90% of prostate tumors, and persists through 

Relevant pathways              Relevant genes

Hormonal response             AR, ESR1, ESR2, RARB, RARRES1

Cell cycle regulation            CCND2, CDKN1 B, CDKN2A, RPRM, SFN

Tumor cell invasion              APC, CAV1, CD44, CDH1, CDH13, LAMA3, LAMC2, TIMP3

DNA damage repair             GSTP1, GSTM1, MGMT, GPX3

Signal transduction              DAB21P, DAPK1, EDNRB, RASSF1A, DKK3, RUNX3, SFRP1

Apoptosis and Inflammation   ASC, BCL2, DAPK, PTGS2
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Figure 1 Epigenetic alterations during prostate cancer initiation and progression. Changes in methylation patterns and other epigenetic 
alterations occur during each stage of prostate cancer involving different pathways and genes (e.g., hormonal response, cell-cycle regulation, 
tumor cell invasion DNA damage repair, signal transduction, apoptosis and inflammation). Promoter hypermethylation represents an early 
molecular event that persists throughout disease progression, whereas global hypomethylation is more frequent in the metastatic setting. 
Promoter hypomethylation and reactivation of proto-oncogenes are molecular alterations under investigation in prostate cancer.
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all stages of prostate cancer progression (9), suggesting 
that GSTP1 methylation is an early event in malignant 
transformation. In patients with localized disease, 
preoperative circulating methylated GSTP1 in plasma was 
shown to predict PSA recurrence and tumor aggressiveness 
(e.g., Gleason grade and tumor stage) (10-12). 

In mammals,  methylation mostly involves CpG 
dinucleotide regions of the DNA, and only about 1% of 
human genome has this dinucleotide due to spontaneous 
deamination of methylated CpG to TpG. However, there 
are CpG islands, which are short stretches of DNA enriched 
with CpG sequences. CpG islands occur predominantly 
at gene promotor regions near transcriptional start sites 
and may become hypermethylated or hypomethylated 
when cells become malignant to regulate downstream gene 
expression. 

DNA methylation is regulated by DNA methyltransferases 
(DNMTs), including DNMT1, DNMT3A and DNMT3B, 
a family of enzymes involved in post-replicative methylation 
of newly synthesized DNA strands (8). In prostate cancer, 
DNMT1 and DNMT3B collaborate to silence specific genes 
across the genome and contribute to a malignant cellular 
phenotype (13,14). 

DNA methyltransferase enzymes catalyze the addition 
of methyl groups to cytosine residues in DNA to form 
5-methyl cytosine (5mC), which can be deleted by the TET 
family of DNA demethylases (15). TET family proteins 
favor locus-specific reversal of DNA methylation in normal 
cells, leading to the regulation of DNA methylation patterns 
and gene expression (16). In several solid tumors. including 
prostate cancer, TET-mediated 5hmC and expression of 
tumor-suppressive TET family proteins can be reduced (16).  
Downregulation of TET2 has been implicated in the 
regulation of AR signaling and prostate cancer development 
(17,18). Decreased expression of both TET2 and 5hmC 
associated with prostate cancer progression have been 
nominated as potential prognostic biomarkers (19,20). 

Concurrent global hypomethylation and promoter 
hypermethylation has been suggested to play an important 
role in cellular transformation (21,22). In addition to 
GSTP1, hypermethylation of the promoter regions of 
other genes have been identified as early events in prostate 
cancer, including adenomatous polyposis coli (APC), Ras-
associated domain family 1A (RASSF1), O6-methylguanine 
DNA methyltransferase (MGMT), cyclin-dependent 
kinase inhibitor 2A (CDKN2A), death-associated protein 
kinase (DAPK), and tissue inhibitors of metalloproteinases 
(TIMPS), and others (23-26). These genes are involved in 

diverse cellular pathways including invasion, metastasis, 
cell cycle, apoptosis, DNA repair, and hormonal response. 
The Cancer Genome Atlas (TCGA) study of 333 localized 
prostate tumors identified distinct methylation patterns 
underlying genomic subtypes (e.g., ERG-fusion positive, 
SPOP or FOXA1 mutated, and IDH1-mutant cancers) (4)  
suggesting an interplay between genomics and DNA 
methylation. 

ConfirmMDx is a tissue-based DNA methylation 
assay developed for men with suspected prostate cancer 
to distinguish true negative prostate biopsies from 
occult prostate cancer. This epigenetic test evaluates 
methylation of three genes: GSTP1, APC, and RASSF2 (27).  
C o n fi r m M D x  h a s  b e e n  s u p p o r t e d  b y  N a t i o n a l 
Comprehensive Cancer Network (NCCN) guidelines 
for men with at least one prior negative biopsy. In the 
Methylation Analysis to Locate Occult Cancer (MATLOC) 
trial, ConfirmMDx had a significant prognostic impact with 
an odds ratio of 3.17 (28). In the Detection of Cancer Using 
Methylated Events in Negative Tissue (DOCUMENT) 
study, the assay was independently associated with prostate 
cancer detection on repeat biopsy with an 88% negative 
predictive value (29). In the Prostate Assay Specific Clinical 
Utility at Launch (PASCUAL) study, the ConfirmMDx 
assay impacted repeat prostate biopsy decision-making in US 
urologic practices (30). Therefore, this assay is sometimes 
applied clinically in men with suspected prostate cancer with 
prostate biopsy demonstrating a cancer-free histopathology. 

Histone modifications and other epigenetic alterations

In addition to DNA methylation, other epigenetic 
modifications influence gene expression in prostate cancer 
through chromatin acetylation and/or specific histone 
modifications (31). The process of histone acetylation 
at lysine residues is under the control of histone acetyl 
transferases (HATs) and histone deacetylases (HDACs) 
(32,33). In prostate cancer, transcription of AR target genes 
is regulated by the assembly of a complex of transcription 
factors. AR agonists promote the recruitment of the AR 
and coactivators that have histone acetyltransferase activity 
to promoters of AR target genes, leading to histone 
acetylation and active transcription (34). Conversely, 
AR bound to antagonists, such as bicalutamide, activates 
corepressors, such as NCoR or SMRT, that are joined to 
HDACs to suppress gene expression (35). Consistent with 
this evidence, HDAC inhibitors are capable of reversing 
transcriptional repression induced by nuclear receptors. 
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Histone lysine demethylases (KDMs) are a class of 
epigenetic enzymes that can remove both repressive and 
activating histone marks. KDMs are currently grouped into 
7 major classes, each one targeting a specific methylation 
site. KDM expression has been found to be deregulated in 
prostate cancer playing a role as either tumor suppressors 
or oncogenes, depending on their gene regulatory function. 
Among KDMs, the lysine-specific demethylase 1A and 
4C (KDM1A and KDM4C) associated with prostate 
cancer progression and androgen-dependent proliferation. 
Interaction of KDM4C and KDM1A with the AR can also 
regulate AR function through demethylation of histone H3 
lysine 9 (36). 

Through combined RNA-sequencing and ChIPseq, 
Stelloo et al. (37) identified three molecular subtypes 
of prostate cancer based on AR binding and histone 
modifications. Two of these subtypes were under TMPRSS2-
ERG control and the third subtype was characterized by low 
chromatin binding and low AR activity and overactivity of 
FGF and WNT signaling. In a recent study by Pomerantz 
et al. (38), integration of the epigenome with genomic and 
transcriptome data discovered that primary prostate tumors 
can be distinguished from mCRPC based on transcription 
factor binding and metastasis specific histone acetylation 
(H3K27ac) patterns at enhancers including AR, FOXA1, 
and HOXB13. Interestingly, epigenomic programs that 
occur during prostate development were reactivated during 
metastatic progression. 

Role of epigenetics in advanced prostate cancer

Castration-resistant prostate cancer represents a disease 
state that develops after tumors progress on initial androgen 
deprivation therapy. Despite significant advances in therapy 
for men with mCRPC, the median survival of mCRPC is 
approximately three years (39). Research in mCRPC has 
focused on developing new effective systemic therapies 
and in identifying mechanisms of drug resistance. While 
genomic and transcriptomic alterations have been largely 
explored, data on the epigenetic landscape of mCRPC is 
still accumulating. 

DNA methylation

Variations in DNA methylation, either globally or locus 
specifically, are recurrent events in mCRPC (Figure 2). 
Promoter hypermethylation can silence not only tumor-

suppressor genes, but also the androgen receptor (AR) 
and estrogen receptor (ESR1), cell adhesion genes (e.g., 
CD44, CDH1), cell-cycle genes (e.g., CCND2, CDKN1B, 
SFN), and apoptotic genes (e.g., ASC, BCL2, DAPK, 
PTGS2) (40). While global hypomethylation is frequent 
in primary tumors, it is even more evident in metastatic 
prostate cancers (41). Promoter hypomethylation can lead 
to activation of proto-oncogenes, such as PLAU (urokinase-
type plasminogen activator) (42,43).

Whole genome bisulfite sequencing (WGBS) has recently 
been utilized to study methylated regions across the prostate 
cancer genome in mCRPC. While most prior studies in 
prostate cancer had evaluated a small percentage of the 
genome, predominantly analysing CpG islands at promoter 
regions, many important regulatory regions are outside 
of these areas. In a study by Zhao et al. (44), WGBS of 
mCRPC biopsies was performed with matched deep whole-
genome sequencing (WGS) and RNA-sequencing (RNA-
seq) in 100 patients. They observed that 22% of mCRPC 
tumors harbor distinct epigenomic features characterized 
by hypermethylation and enriched with somatic mutations 
involving TET2, DNMT3B, IDH1 and BRAF. In addition, 
differentially methylated region (DMR) analysis comparing 
benign prostate tissues versus primary tumors versus 
mCRPC identified cancer-associated hypo-methylation 
of specific regions driving over-expression of oncogenic 
drivers in mCRPC. In this study, localized prostate tumors 
were predominantly less methylated compared with benign 
prostate, and mCRPC samples were predominantly less 
methylated than primary tumors, with an overlap of 55% 
between the DMRs from localized versus metastatic 
disease. In general, the regions with the most differential 
hypomethylation in mCRPC were characterized by a higher 
somatic mutation rate, suggesting that certain regions of the 
genome are more commonly somatically altered by both 
mutation and methylation. 

Histone modifications and other epigenetic alterations

Various other types of epigenetic changes have been 
described in mCRPC, including covalent modifications 
at specific amino acids on histones, including acetylation, 
methylation, phosphorylation, ADP-ribosylation, 
ubiquitination. These alterations mainly involve the 
N-terminal tails of histones. The added moieties contribute 
to the properties of the histone, loosening or tightening the 
condensed nucleosome structure. Modifications of histones 
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can affect DNA-associated processes, including packaging, 
transcription regulation, replication, recombination, and 
repair. Studies also support their role in the progression of 
prostate cancer (45). In a study looking at global histone 
methylation patterns across the prostate cancer continuum, 
di- and trimethylation of H3K9 and acetylation of H3 and 
H4 were found to be lower, and mono-, di-, tri-methylation 
of H3K4 increased in CRPC (46). 

In the recent study by Pomerantz et al. (38), the prostate 
epigenome was assessed across clinical states spanning 
from normal prostate epithelium to localized prostate 
cancer to metastatic castration resistant disease. This study 
identified epigenetically reprogrammed AR sites based 
on acetylation of the lysine 27 position on histone H3 
(H3K27ac) that did not arise de novo. During the evolution 
from localized to mCRPC, there was reactivation of latent 
regulatory elements that were active during fetal prostate 
organogenesis. The integration of epigenetic and genetic 
reprogrammed regulatory loci in metastatic prostate tumors 
identified state-specific enhancers important for tumor 
progression. For example, among the different alterations 
explored in this study, gain of H3K27 acetylation coinciding 
with somatic DNA amplification identified metastasis-

specific regulatory sites.
Enhancer of zeste homolog 2 (EZH2) is the catalytic 

subunit of polycomb repressive complex 2 (PRC2) that 
acts to silence transcription through trimethylation of 
histone H3 lysine 27 (H3K27me3). EZH2 is overexpressed 
in various cancer types, including advanced prostate  
cancer (47). In addition to transcriptional silencing, EZH2 
in CRPC can act as a coactivator of transcription factors 
such as the AR. AR activation requires phosphorylation of 
EZH2 and an intact methyltransferase domain. Consequently, 
EZH2 has been explored as a potential therapeutic target 
for mCRPC (48).

Lysine-specific demethylase 1 (LSD1), or KDM1A, is a 
histone demethylase that can regulate AR transcriptional 
activity through H3K4 demethylation (49). Moreover, 
LSD1 can demethylate the FOXA1 pioneer transcription 
factor, leading to FOXA1 activation which, in turn, 
mediates its recruitment to AR-dependent enhancers (50).  
LSD1 can also promote CRPC through regulation of 
CENPE, a centromere-binding protein and mitotic 
kinesin (51), as well as cooperation with the LSD1 binding 
protein, ZNF217 which promotes the expression of genes 
commonly not activated by androgens but involved in 

cfDNA release                                   Methylation analysis                         Clinical application

Quantitative changes
Different methylated

cfDNA levels

Quantitative changes
Aberrant methylated

cfDNA

- Early diagnosis

- Prognostic evaluation

- Predicting treatment outcome

- Tumor monitoring

- Identifying NEPC features

- Potential therapeutic target

ctDNA ctDNA

Figure 2 Overview of circulating cell-free DNA and methylation and its potential clinical application. In prostate cancer patients, circulating 
cell free DNA (cfDNA) can be released in the bloodstream from tumor sites. cfDNA can undergo both quantitative (e.g., changes in levels 
of methylated DNA) and qualitative (e.g., specific patterns of aberrant methylation) changes. The evaluation of the methylation in cfDNA 
can aid in the management of prostate cancer patients leading to early diagnosis, a prognostic and predictive evaluation, a better tumor 
monitoring, and may aid in the identification of resistance such as neuroendocrine prostate cancer (NEPC). 
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different pathways (cell-cycle, mitosis, and stemness) 
enriched in lethal prostate cancers (52). Other histone 
demethylases have also been implicated in prostate cancer 
progression. Lysine specific demethylase 5D (KDM5D) is 
a demethylase that influences AR signaling and response to 
docetaxel (53). Lysine specific demethylase 4B (KDM4B) 
promotes AR-V7 expression and resistance to AR-directed 
therapies (54). Lysine specific demethylase 3B (KDM3B) 
has been implicated in androgen-independent CRPC (55).  
Lysine specific demethylase eight (KDM8/JMJD5) 
promotes cellular proliferation and controls the activity 
of AR, HIF-1a, and EZH2 (56). These point to distinct 
regulation of key pathways by histone demethylases that 
may be leveraged therapeutically.

Bromodomain-containing (BRD) proteins are chromatin 
readers that recognize mono-acetylated histones, trigger 
chromatin remodeling, and initiate transcription. 
Dysregulation of bromodomains is common in cancer 
including metastatic prostate cancer (57). Moreover, BRD-
containing proteins have diverse catalytic and scaffolding 
activities that function as transcription factors, transcriptional 
co-factors, methyltransferases, HATs, and helicases (57). 
Among the BRD family, BRD4 is a critical co-regulator of 
the AR (57,58), and BRD4 protein expression increases with 
castration resistance and associates with poor prognosis. BET 
inhibitors have demonstrated antitumor activity in CRPC 
models, attenuating AR signaling and reducing C-MYC 
expression (59,60). In addition, BET inhibitors have been 
shown to decrease AR-V7 expression by regulating splicing 
factors required for its generation (61). Taken together, these 
preclinical data have led to clinical trials of BET inhibitors as 
a therapeutic strategy to overcome persistent AR signaling in 
CRPC.

Among the proteins involved in histone modifications,  
p300 and CBP interact with transcription factors via their 
histone acetyltransferase domain (HAT) and bromodomain. 
In prostate cancer, p300 and CBP are highly homologous 
and frequently upregulated (62). Moreover, they have 
associated with disease progression and poor prognosis, 
representing potential therapeutic targets due to their 
function as AR coactivators and involvement in castration 
resistance (62). More recently, p300/CBP inhibition has 
been shown to inhibit secretion of exosomal PD-L1 by 
tumor cells (63), suggesting that the combination of HAT 
inhibitors with immunotherapy could play a synergic role in 
the treatment of prostate cancer.

Epigenetics and cell-free DNA
 

Tissue from localized prostate cancer for epigenetic profiling 
is relatively easy to access from radical prostatectomy or 
biopsy specimens, whereas collecting tissue biopsies from 
metastatic disease is more challenging. In recent years, 
epigenetic profiling assessing circulating cell free DNA 
(cfDNA) has been studied as an alternative to help overcome 
this challenge. In patients with metastatic prostate cancer, 
genomic profiles of circulating tumor DNA in plasma 
are closely matched with tumor metastasis tissues (64). A 
recent study characterized the mCRPC plasma methylome 
and genome concurrently (65) and found that the major 
contributor of methylation variance (principal component 
from the mCRPC plasma methylome analysis) in cfDNA 
was genomically determined circulating tumor DNA fraction 
(r =–0.96; P<10–8). Patient plasma samples with AR copy 
number gain had a significantly reduced AR- circulating 
tumor methylation signature ratio than AR copy number 
normal samples (P<0.001). 

DNA methylation of cfDNA has also been investigated 
as a potential prognostic biomarker in mCRPC (12,65-71) 
(Table 1). Mahon et al. (68) showed that methylated GSTP1 
became undetectable after two cycles in about 50% of 
patients with mCRPC treated with docetaxel chemotherapy. 
Undetectable methylated GSTP1 at baseline (20%) was 
correlated with longer overall survival (OS) (P<0.00001), 
and undetectable methylated GSTP1 after two cycles of 
chemotherapy was associated with a longer OS (P<0.00001) 
and time to PSA progression (P<0.00001). Peter et al. (70) 
focused on the dynamics of the cfDNA methylome of 
mCRPC patients during AR-directed therapies, showing 
that patients that maintained methylation during treatment 
had a longer time to clinical progression. 

These studies point to the feasibility and potential 
clinical value in assessing plasma cfDNA methylation in 
patients with mCRPC. Future studies geared at molecular 
stratification, including in the context of epigenetic 
therapies, are warranted.

Role of epigenetics in neuroendocrine prostate 
cancer

Up to 15–20% of patients with mCRPC develop non-
AR driven disease as a mechanism of treatment resistance, 
which has been associated in some cases with pathologic 
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features of small cell neuroendocrine prostate cancer 
(NEPC). This form of prostate cancer is characterized by 
loss of AR signaling, expression of neuroendocrine lineage 
markers, and distinct changes in DNA methylation (72).  
The mammalian SWI/SNF chromatin remodeling 
complex is also dysregulated in NEPC (73). Integrative 
analyses of DNA methylation and transcriptome data 
points to epigenetic regulation of developmental, stem-
like, and neuronal pathways in NEPC (73). In preclinical 
models, inactivation of RB1 and/or TP53 leads to 
upregulation of the DNA methyltransferase family member 
DNMT1, which is overexpressed in NEPC compared 
to prostate adenocarcinoma (74). Changes in DNA 
methylation patterns are particularly evident at gene loci 
of regulators of cell fate and neuronal development (75).  
Hypermethylation and reduced expression of the 
ETS family transcription factor SPDEF has been 
found in NEPC (76); SPDEF has been reported to be 
involved in suppression of tumor metastasis through 
inhibition of epithelial-mesenchymal transition (76).  
Methylation patterns of NEPC are also detectable in plasma 
cfDNA of patients (71), suggesting that methylome analysis 
of liquid biopsies might serve as a diagnostic or monitoring 

tool during treatment to identify patients developing NEPC 
(Figure 2).

Another epigenetic feature of NEPC is significant up-
regulation of EZH2, even compared to mCRPC. In addition 
to its polycomb function, EZH2 can interact with N-myc 
to suppress AR signaling and drive NEPC progression (77). 
Genetic and pharmacological suppression of EZH2 inhibits 
NEPC growth and modulates plasticity including expression 
of AR signaling and neuroendocrine genes, potentially  
re-sensitizing tumors to AR-targeted drugs (72,74). 
Preclinical studies point to combination therapies with sub-
lethal doses of the EZH2 inhibitor GSK343 and aurora 
kinase or epidermal growth factor receptor class of inhibitors 
against NEPC compared to CRPC (78). Following pre-
clinical results in both CRPC and NEPC models, EZH2 
inhibitors are in varied stages of clinical trials. 

Epigenetic therapies

With an accumulating knowledge of the epigenetic 
alterations that drive prostate cancer progression and 
treatment resistance, epigenetic drugs are being developed 
for patients with advanced prostate cancer (Figure 3). 

Table 1 DNA methylation as a circulating biomarker in mCRPC 

Reference Epigenetic approach Source
Number of  

patients
Treatment Clinical relevance

Mahon,  
2014

MS-HL PCR GSTP1 
assay

Plasma 75 Chemotherapy mGSTP1 is associated with  
chemotherapy response and OS 

Hendriks,  
2018

Methylation-specific 
PCR

Plasma 50 Various therapies mGSTP1 are associated with OS

Gordevičius, 
2018

Infinium Human  
Methylation 450K 
BeadChip (Illumina)

Plasma 33 Abiraterone Cytosine modification variance is a  
biomarker to predict response to  
abiraterone 

Mahon,  
2019

Methylation-specific 
PCR

Serum 600 Docetaxel mGSTP1 is associated with OS and  
time to PSA progression

Wu,  
2020

LP-WGBS Plasma 25 Abiraterone and  
Enzalutamide 

ct-MethSig has a more aggressive  
clinical course and is enriched for AR 
copy number gain

Beltran,  
2020

WGBS Plasma 62 Various therapies Methylation is a biomarker for  
detecting specific resistance patterns, 
such as NEPC

Peter,  
2020

WGBS Plasma 16 Abiraterone and  
Enzalutamide

Treatment-related methylation changes 
associated with time to progression

AR, androgen receptor; ct-MethSig, circulating tumor methylation signature; mGSTP1, methylated glutathione S-transferase 1; LP-WGBS, 
low-pass whole-genome bisulfite sequencing; mCRPC, metastatic castration-resistant prostate cancer; MS-HL, methylation-specific 
head-loop; NEPC, neuroendocrine prostate cancer; OS, overall survival.
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Targeting DNMT family members with drugs such 
as azacitidine and decitabine has been widely studied 
in myelodysplastic syndromes and other cancers (79).  
Alterations in DNA methylation can occur early in 
prostate cancer and aberrant DNMT expression occurs 
during prostate cancer progression (79). In a pre-clinical 
study, disulfiram, a DNMT inhibitor, suppressed cancer 
cell growth in vitro (DU145, CWR22R1, PC3 and C4-
2B cell lines) and vivo (xenograft tumors of C4-2B) (80). 
Currently, drugs targeting DNMT in combination with 
chemotherapy, androgen receptor pathway inhibitor and 
immunotherapy, are in clinical development for prostate 
cancer. A phase Ⅰ/Ⅱ clinical trial of the DNMT inhibitor 
azacitidine in combination with docetaxel and prednisone 
for patients with mCRPC resulted in and 10 of 19 patients 
with PSA responses (>50% decline) and three patients with 
radiographic response (81). Understanding how DNA 
methylation profiles and/or identifying other alterations 
associate with responses to DNMT inhibition will be 
important considerations.

There are currently four FDA-approved HDAC inhibitors 
(vorinostat, belinostat, panobinostat and romidepsin) for 
the treatment of lymphoma and melanoma, and this class 
of drugs has also been investigated in prostate cancer (82). 

A phase Ⅱ trial reported that combination treatment of 
panobinostat and bicalutamide prolonged radiographic 
progression free survival compared with bicalutamide alone 
in mCRPC patients without biomarker selection (83), 
suggesting that further studies may be warranted particularly 
in the context of novel AR-targeted drugs. 

The polycomb group proteins EZH2 and embryonic 
ectoderm development (EED) (another member of 
the PRC2 complex) are currently being investigated as 
therapeutic targets. Tazometostat is an EZH2 inhibitor 
approved for follicular lymphoma (84). This agent 
is also being evaluated in a clinical trial for patients 
with mCRPC in combination with AR blockade (85). 
In addition, a selective EZH2 inhibitor (CPI-1205) 
is currently in clinical trials in combination with AR 
signaling inhibitors or immunotherapy (ipilimumab) (86).  
EED functions as a direct regulator of AR and AR 
downstream genes along with EZH2 in the context of AR-
positive prostate cancer (87). MAK683 (an EED inhibitor) 
is being tested in a phase Ⅰ/Ⅱ clinical trial for advanced 
malignancies including relapsed prostate cancer whom 
no further effective standard treatment is available (88). 
While these trials are in biomarker-unselected populations, 
understanding their impact in AR-driven and non-AR 
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driven CRPC populations may also be important. 
Drugs targeting the bromodomain and extra-terminal 

(BET) family of chromatin readers, including the 
bromodomain containing protein (BRD) 2, BRD3, and 
BRD4 (58), are also in development. The clinical utility 
of a bromodomain extra-terminal (BET) inhibitor (ZEN-
3694) was evaluated in combination with enzalutamide in 
75 patients with mCRPC who had progressed after prior 
abiraterone acetate and/or enzalutamide (88). This phase 
Ⅰb/Ⅱa study revealed a median radiographic progression-free 
survival (rPFS) of 9.0 months and long term therapeutic 
effects without progression were observed in 17%  
(≥12 months) and 5% (≥24 months). In a subgroup analysis, 
patients with lower AR transcriptional activity in their 
baseline tumor biopsies had a longer rPFS (median rPFS: 
10.4 vs. 4.3 months). Of note, a favorable rPFS was also 
seen in patients with aggressive variant clinical features (11.6 
vs. 5.5 months). 

CCS1477 is a potent, selective and orally active small 
molecule inhibitor of the bromodomain of p300/CBP.  
Its role has been explored for the treatment of CRPC 
through its downregulation of the AR, AR-splice variants 
and c-Myc expression, and in association with loss of 
function mutations in p300 or CBP by driving synthetic 
lethality (89,90). Early phase trials in mCRPC are ongoing.

A small-molecule LSD1 inhibitor SP2509 attenuated 
tumor growth in CRPC xenograft models (52). Another 
study showed that inhibition of LSD1 disrupts chromatin 
binding of FOXA1 which is a pioneer transcription factor 
for AR (50). Through regulation of AR binding and gene 
expression, LSD1 inhibition suppressed tumor growth and 
also showed a synergistic effect with enzalutamide in CRPC 
models (52). These findings provide support for LSD1 
as a potential therapeutic target and the LSD1 inhibitor 
INCB059872 is in clinical development. 

Notably, clinical trials to date have been for biomarker-
unselected populations. Understanding the tumor specificity 
and downstream effects of these epigenetic therapies may be 
important considerations to improve patient selection and 
combination approaches in the future.

Conclusions 

Epigenetic dysregulation, including changes in DNA 
methylation, histone modifications and nucleosome 
remodeling occurs at every phase of prostate cancer 
development and progression. These aberrations are 
responsible for silencing tumor-suppressor genes, activating 

oncogenic drivers, and driving therapy resistance. Thus, 
epigenetic modifications provide exciting potential as 
prostate cancer biomarkers and therapeutic targets. 
Promoter hypermethylation is widespread in prostate 
cancer, and restoration of a 'normal' epigenome through 
specific inhibitors of epigenetic enzymes has significant 
biologic and clinical implications. Epigenetic patterns 
correlate with clinical and pathologic predictors of prostate 
cancer phenotype and outcomes. Ongoing clinical studies 
evaluating emerging epigenetic therapies hold promise as 
potential treatment strategies for patients with advanced 
prostate cancer.
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