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Abstract

Prostate cancer is a common malignancy that in 5%–30% leads to treatment-resistant

and highly aggressive disease. Metastasis-potential and treatment-resistance is thought

to rely on increased plasticity of the cancer cells—a mechanism whereby cancer cells

alter their identity to adapt to changing environments or therapeutic pressures to create

cellular heterogeneity. To understand the molecular basis of this plasticity, genomic stud-

ies have uncovered genetic variants to capture clonal heterogeneity of primary tumors

and metastases. As cellular plasticity is largely driven by non-genetic events, complemen-

tary studies in cancer epigenomics are now being conducted to identify chromatin

variants. These variants, defined as genomic loci in cancer cells that show changes in

chromatin state due to the loss or gain of epigenomic marks, inclusive of histone post-

translational modifications, DNA methylation and histone variants, are considered the

fundamental units of epigenomic heterogeneity. In prostate cancer chromatin variants

hold the promise of guiding the new era of precision oncology. In this review, we explore

the role of epigenomic heterogeneity in prostate cancer, focusing on how chromatin var-

iants contribute to tumor evolution and therapy resistance. We therefore discuss their

impact on cellular plasticity and stochastic events, highlighting the value of single-cell

sequencing and liquid biopsy epigenomic assays to uncover new therapeutic targets and

biomarkers. Ultimately, this review aims to support a new era of precision oncology,

utilizing insights from epigenomics to improve prostate cancer patient outcomes.
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1 | PROSTATE CANCER IS A
MULTI-FACETED DISEASE IN CLINICAL
MANAGEMENT

Prostate cancer is a leading cancer among men globally, posing a

major public health challenge. Worldwide, the disease is expected to

place increasing strain on health systems, with annual cases projected

to rise from 1.4 million in 2020 to 2.9 million by 2040.1,2 The disease

typically originates from the glandular epithelium of the prostate and

often progresses slowly during its early stages, remaining localized

and asymptomatic for many years.3 However, in a subset of patients,

it evolves into aggressive forms that metastasize to lymph nodes,

bones, and other organs, contributing to substantial morbidity and

mortality. Clinical management is stage-dependent: Localized disease

is typically managed with curative intent through surgical intervention,

such as radical prostatectomy, or radiation therapy. In contrast,

advanced disease often necessitates a multi-modal approach.

Systemic therapies play a pivotal role in the treatment of metastatic

cases and include androgen deprivation therapy (ADT), next-

generation androgen receptor pathway inhibitors (ARPIs), and

taxane-based chemotherapy. Recently, non-hormonal options, such as

Poly (ADP-ribose) polymerase (PARP) inhibitors, immunotherapies,

and radioligand therapies, have expanded the therapeutic arsenal. In

metastatic settings, these strategies are frequently combined to opti-

mize treatment efficacy (see Figure 1). Prostate cancer presents as

multiple entities due to its considerable heterogeneity.4–9 This com-

plexity creates challenges for precision oncology, as current methods

of disease monitoring and treatment are often insufficient to effec-

tively address the diverse nature of the disease.10

Prostate cancer displays significant heterogeneity across multiple

dimensions. Genetically, intra-tumor heterogeneity has been corre-

lated with poorer prognosis, underscoring the complexity of tumor

evolution and adaptation.5,11,12 Metastasis follows a complex pattern,

with the primary tumor capable of initiating multiple waves of meta-

static spread, either through monoclonal seeding or the dissemination

of various subclones across different organs.13–15 Notably, locoregio-

nal lymph node metastasis frequently serves as a precursor for the

dissemination to distant sites.16 The challenge lies in advancing our

understanding of tumor heterogeneity beyond clonal characterization

and in identifying and characterizing the heterogeneity of cellular

F IGURE 1 Current clinical management and emerging therapeutic strategies in advanced prostate cancer. Treatment landscape for
advanced prostate cancer in 2024, illustrating the progression from localized disease to advanced metastatic castration-resistant prostate cancer
over time (x-axis) dependent on the tumor burden (schematically outlined by PSA in ng/ml) (y-axis). The treatment options are stratified,
highlighting the sequential use of therapies and potential emerging treatments.
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populations to understand the genesis of prostate tumor evolution.

Addressing this challenge also requires an understanding of tumor

heterogeneity across multiple dimensions, inclusive of inter-patient,

intra-tumor, multi-focal and inter-tissue tumor heterogeneity (see

Figure 2A).

Inter-patient tumor heterogeneity in prostate cancer has been

extensively characterized through histo-morphological and genotypic

profiling in primary and metastatic settings.6–8,11,17,18 This diversity is

particularly pronounced in the most aggressive tumors, where it pre-

dicts patient outcomes and affects treatment responses, highlighting

the challenges in effectively managing the disease.19 Large-scale

efforts on localized and metastatic prostate cancer have revealed

molecular subtypes that differ at the genetic level despite having simi-

lar histological appearances.7,8,17,20–23 Therefore, mutations account-

ing for the cellular adaptations required for invasion and metastasis in

high-risk prostate cancer remain ill-defined.13,24

Intra-tumor heterogeneity implies that alterations in the molecular

characteristics of cancer cells and their surrounding microenvironment

can occur in the composition of cellular populations.11,25 The degree

of variation between individual tumor cells, cellular populations, or

geographically distinct tumor lesions found in a patient can be signifi-

cant. These differences lead to the formation of cellular heterogene-

ity, which plays a critical role in determining a patient's tumor overall

ability to evolve.11 In primary prostate tumors this intra-tumor hetero-

geneity is well-established, leading to variations in therapeutic

responses across different tumor loci within a patient, even when they

exhibit similar histological features.5,26–28 For instance, localized

prostate cancers that do not exhibit multiple sub-populations within

the tumor have significantly better outcomes compared to those with

polyclonal tumors, even when considering pre-treatment clinical fac-

tors such as prostate-specific antigen (PSA) levels, Gleason score, and

clinical T-category.29 Zhang et al.4 identified by using spatially

resolved single-cell profiling two major types of genomically unstable

cells—pseudo-diploid and aneuploid—in localized early-stage prostate

cancer, with a specific sub-population of pseudo-diploid cells in

tumor-rich regions carrying sub-chromosomal deletions that may indi-

cate tumor-initiating or driving cells.

In most patients, primary prostate cancer is characterized by

multiple foci within the prostate,30 raising the question of whether

these are numerous independent tumours, whether they have a

common genetic ancestor or if another commonality is their basis.

Histological assessment of multi-focal heterogeneity within the pros-

tate gland classifies prostate cancer patients according to morpho-

logical patterns defined by Gleason and the International Society of

Uropathology (ISUP) grading systems. These patterns can differ sig-

nificantly among different biopsy cores collected from the same

prostate, often leading to discrepancies in grading.9,31 Such varia-

tions are frequently observed and may be associated with different

therapeutic responses.4–6,26,28,30,32,33 Early multi-regional tumor

genome sequencing studies have shown that these foci often have

limited overlap in detectable somatic mutations, such as substitu-

tions and copy number alterations, indicating that they evolve inde-

pendently, even though they may eventually present as a single

lesion.5,12

F IGURE 2 Heterogeneity in prostate cancer. (A) Multi-dimensional heterogeneity of prostate cancer. Illustration of the various dimensions
of tumor heterogeneity that contribute to the complexity of cancer diagnosis, prognosis, and treatment. Tumor heterogeneity can be categorized
into four main types: Inter-patient, intra-tumor, multi-focal and inter-tissue heterogeneity. (B) Distinct roles of genetic and chromatin variants in
tumor heterogeneity. These four dimensions can be assessed based on clones (genomics) or populations (epigenomics); genetic variants provide a
stable, heritable basis for tumor diversity, while chromatin variants offer a flexible, potential reversible layer of regulation that allows for rapid
adaptation. Understanding both processes is crucial for developing comprehensive cancer treatment strategies.
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Despite the mult-ifocal heterogeneity reported in primary pros-

tate tumors, metastases represent an evolutionary bottleneck, and

genetic studies point to only a few clones gaining metastatic poten-

tial.16,34 Metastasis, a complex multi-step process where cancer cells

migrate from the primary site to distant organs, is responsible for the

majority of cancer-related deaths in prostate cancer.35 While metasta-

sis and multiple waves of metastatic seeding from distinct subclones

can occur,13,15 genotypic profiling of metastatic tissues from the same

patients (inter-tissue) in a hormone-sensitive setting reveals similarities

across metastatic sites and resemblance to treatment-resistant distal

metastases.14,16 Despite the often-shared clonal origin of prostate

cancer metastases, heterogeneity is still pervasive, as the metastatic

disease is characterized by selective clonal sweeps, reseeding from

metastasis to either a second metastasis or the primary tumour (bed),

the occurrence of distinct genomic alterations, and convergent

evolution.13

Considering its diverse dimensions, understanding prostate tumor

heterogeneity and its impact on tumor evolution is central to the

design of precision oncology, which aims to tailor treatments based

on individual patient tumor characteristics. Efforts to date have

focused on genetic heterogeneity assessments to identify the herita-

ble basis of tumor evolution.5,12,17,36,37 The term “heritable” empha-

sizes the investigation into which alterations in a tumor are

consistently transmitted to future generations of cancer cells, as

opposed to those that are temporary and reversible. However, cell

fate determination is inherently encoded in epigenomic variation in

normal tissues, a process hijacked by cancer cells. Hence, a new era of

precision oncology requires expanding the genetic effort to other

non-genetic heritable drivers of cell fate determination.

2 | CHROMATIN VARIANTS AS HERITABLE
NON-GENETIC DRIVERS OF EPIGENOMIC
HETEROGENEITY

As normal cells undergo fate commitment, they acquire heritable

changes in their chromatin that generates chromatin variants.38,39

Chromatin variants, the fundamental units of epigenomic variation,

are genomic loci that exhibit distinct chromatin states across cells with

different phenotypes. Chromatin variants are characterized by differ-

ences in epigenomic marks over a series of nucleosomes and the DNA

linker region, such as changes in the positioning of nucleosomes, their

composition (core vs. histone variants), and changes in DNA methyla-

tion and histone post-translational modifications.40 These chromatin

variants enable the selective activation or repression of genes neces-

sary for cell fate changes and stable cellular states. Similar to what is

observed throughout development, mounting evidence supports a

direct role for chromatin variants as a “non-genetic” driver of cellular

heterogeneity in cancer.41,42 Because cellular division equally involves

the replication of chromatin, inclusive of DNA and associated pro-

teins, mainly histones, chromatin variants serve as heritable drivers of

phenotypic diversity, across physiological43,44 and pathological

contexts.45–47 Unlike genetic variants, which can drive genetic clonal

heterogeneity, chromatin variants drive epigenomic heterogeneity,

which reflects the diversity of cellular states within a sample (see

Figure 2B). Chromatin variants differ from genetic variants in being

somewhat labile, serving as ideal targets for drug intervention.26,47–51

Hence, by identifying and characterizing cancer-specific chromatin

variants, we can understand the heritable basis of cell states and

devise strategies to hinder epigenomic heterogeneity in prostate

cancer.

3 | CHROMATIN VARIANTS ARISE FROM
DIRECTED AND STOCHASTIC PROCESSES

In the context of prostate cancer, three factors can influence the

acquisition of chromatin variants—genetic variants, environmental vari-

ation and stochasticity. Each factor offers a different mechanism to

engage cancer cells in an evolutionary process fuelled by epigenomic

heterogeneity (see Figure 3). These factors are not mutually exclusive

and may work in parallel to favor prostate cancer progression. Under-

standing the interplay between these factors can serve to develop

more effective treatment strategies to hinder tumor evolution.

Genetic studies have identified hundreds of cancer driver genes

across cancer types.52 The dominant gene ontology among prostate

cancer driver genes centers on chromatin remodeling and chromatin

organization. Many of these driver genes encode chromatin factors,

including chromatin writers, erasers, readers, and remodelers.17,36,53

Recurrent alterations are observed in key chromatin remodelers like

FOXA1 (see Figure 3; Genetic variants), RB1, and members of the

SWI/SNF complex, including SMARCA1, ARID1A, and ARID2. Nota-

bly, the loss of CHD1, the most frequently altered chromatin remode-

ler in prostate cancer, occurring in approximately 15% of cases, leads

to chromatin alterations that promote tumorigenesis.17,54 Specifically,

when CHD1 is lost, it results in a redistribution of the androgen recep-

tor (AR) cistrome, creating a chromatin environment that favors onco-

genic activity.54 This altered chromatin state, driven by the absence of

CHD1, enables the AR to bind to new genomic regions that are asso-

ciated with pro-oncogenic pathways, thus contributing to tumor

development.54 Therefore, the loss of CHD1 exemplifies how a

genetic alteration can lead to chromatin changes that drive cancer

progression. The analysis of different regions of primary tumors,

metastases, and pre-malignant lesions has demonstrated that the phy-

logenetic relationships determined by copy number diversity are

closely reflected in DNA methylation patterns.55 This indicates that

genetic and chromatin variants can emerge simultaneously and con-

verge to drive similar oncogenic processes, leading to a unified evolu-

tion of the tumor.35,56

Response to environmental variation, driven by chromatin

dynamics, allows cells to switch between different states—develop-

mental, regenerative, or pathological.38,57 In tumors, such plasticity

can arise from signals from the tumor microenvironment (TME) or

therapeutic interventions.58 Metabolic fluctuations are key examples

of environmental variations leading to the acquisition of chromatin

variants because many metabolites serve as substrates or cofactors
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for chromatin factors.59 For instance, fluctuations in the level of

S-adenosylmethionine (SAM), the universal methyl donor, is linked to

epigenetic reprogramming and castration resistance in prostate

cancer.60,61

Stochastic epigenomic variation refers to the random acquisition of

chromatin variants in a cell. These changes can be either tolerated or

may result in shifts to cellular function.62–64 DNA double-strand breaks

induction was suggested to be sufficient to start the acquisition of chro-

matin variants observed over aging.65 Prostate cancer undergoes signif-

icant genomic alterations as the disease progresses, exhibiting the

highest levels of DNA damage reported as chromosomal instability

(CIN) among all metastatic tumors.66 CIN is characterized by the pres-

ence of lagging chromosomes during anaphase, which often end up in

micronuclei.67–69 Micronuclei exhibit distinct chromatin accessibility

abnormalities, which can persist even after their genomic content is

reintegrated into the nucleus.67 This process results in extensive epige-

nomic dysregulation and variability, driven by significant differences in

histone post-translational modifications and chromatin accessibility.

Thus, CIN not only impacts genomic copy number but may also contrib-

ute to stochastic chromatin variant acquisition.

Gaining insight into how tumors develop and utilize epigenomic

variation—whether through directed acquisition and stable inheritance

of chromatin variants or through stochastic processes—is crucial for

shaping therapeutic strategies. This understanding will inform the

development of targeted epigenetic treatments, enhancing both pre-

ventive and anti-cancer approaches.40

4 | TECHNOLOGICAL ADVANCES FOR THE
STUDY OF EPIGENOMIC HETEROGENEITY

Since 2009, advancements in single-cell profiling technologies,70 such

as single-cell RNA sequencing (scRNA-seq) and single-cell Assay for

Transposase-Accessible Chromatin using sequencing (scATAC-seq)

have enabled the examination of gene expression and chromatin

accessibility at the individual cell level, providing a deeper understand-

ing of the heterogeneity within cell populations. For instance, by

applying scATAC-seq to 14,424 single cells from 18 prostate tumors,

Eksi et al.71 discovered that high-grade tumors lose shared chromatin

features seen in low-grade tumors but gain enrichment for certain

F IGURE 3 Chromatin variants are not only caused by genetic variation. Genetic variants: The top-left section of the figure illustrates how
genetic variation, particularly in chromatin remodelers like FOXA1, impact chromatin dynamics in prostate cancer. The wild-type FOXA1
(wtFOXA1) interacts with the androgen receptor (AR) and co-regulators at androgen response elements (ARE) on the chromatin, leading to
normal transcriptional activation. However, the mutated FOXA1 (mtFOXA1) exhibits stronger interactions with the AR and alters the
transcriptional program by engaging non-canonical Forkhead motifs (FKH). This change promotes oncogenic transcriptional activities and
enhances EMT, contributing to cancer progression. Environmental variation: The top-right panel depicts how environmental factors, particularly
those that alter the availability of key metabolites (e.g., SAM/SAH balance), can influence the activity of chromatin-modifying complexes like
PRC2. These environmental changes can lead to differential histone methylation patterns, thereby driving distinct epigenomic states that support
cancer progression. The comparison between normal and disrupted SAM levels emphasizes the impact of metabolic disturbances on chromatin
dynamics. Stochasticity: The bottom panel illustrates how random chromatin variants, such as erroneous histone modifications (e.g., methylation
and acetylation), accumulate over time. These stochastic changes can lead to significant variations in chromatin states that impact gene
expression, contributing to prostate cancer heterogeneity and progression. The image highlights how these random events might not be directed
but can still significantly impact tumor evolution.
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transcription factor binding sites, indicating a shared trans-regulatory

program. Additionally, the study identified the genes NRXN1 and

NLGN1, associated with neuronal adhesion, as highly accessible in

high-grade prostate cancer, offering valuable understanding into gene

regulatory networks crucial for disease stratification.71 Similarly, Taa-

vitsanien et al.72 used a combined approach of scATAC-seq and

scRNA-seq to uncover chromatin and transcriptional changes linked

to enzalutamide response and resistance in prostate cancer, revealing

distinct chromatin landscapes and cell subpopulations that may pre-

dict treatment efficacy. Another study used single-cell RNA sequenc-

ing to investigate cell variability in castration-resistant prostate cancer

(CRPC), uncovering increased inter-cellular variability and a loss of lin-

eage fidelity during the transition from luminal to basal phenotypes.49

These findings underscore the transformative potential of single-cell

technologies in advancing molecular diagnostics and personalizing

cancer treatment by uncovering the chromatin variants driving tumor

heterogeneity.

Emerging epigenomic technologies are revolutionizing our under-

standing of chromatin heterogeneity and tumor evolution, with profound

implications for prostate cancer research. Single-cell assays, including

sort-assisted chromatin immunocleavage (sortChIC)73 and scCUT&Tag,74

provide unparalleled resolution in profiling histone modifications and

transcription factor occupancy. These technologies enhance both

sensitivity and throughput, enabling precise mapping of active

(e.g., H3K4me1, H3K4me3) and repressive (e.g., H3K27me3, H3K9me3)

chromatin marks. For instance, sortChIC has uncovered critical epige-

nomic events such as lineage decisions during progenitor stages,73 while

scCUT&Tag has overcome the limitations of bulk methods, uniquely cap-

turing transcriptional regulation at the single-cell level.74 Such

approaches are particularly relevant for elucidating chromatin-level

mechanisms of cellular plasticity and therapy resistance in cancer.

Complementing these histone-centric approaches, single-cell

DNA methylation (scDNAme) assays have transformed our under-

standing of epigenomic heterogeneity in tumor progression. Although

bulk DNA methylation studies provided early insights,75 they lacked

the resolution needed to track co-occurrence of methylation patterns

and their cellular origins. Techniques such as bisulfite treatment62

enabled more detailed analyses, leading to discoveries such as hyper-

methylation subtypes in advanced prostate cancer.76 Single-cell

methods like scRRBS and scWGBS77,78 have advanced this field,

allowing methylation profiling at unprecedented resolution and linking

genomic alterations to distinct methylation signatures, as demon-

strated with EGFR mutations in lung adenocarcinoma.79 Advanced

methods such as scHi-C80,81 and parallel combination approaches like

Methyl-HiC82 further integrate insights into 3D chromatin interac-

tions and methylome dynamics, offering a comprehensive view of

gene regulation. These tools, when combined with histone modifica-

tion and transcriptomic data,40 hold significant potential for dissecting

prostate cancer heterogeneity and evolution.

Beyond single-cell assays, spatial epigenomic technologies are

opening transformative avenues for investigating chromatin states

within the native tumor microenvironment. Techniques like spatial

scATAC-seq, employing solid-phase barcode capture, enable spatially

resolved profiling of chromatin accessibility across neighboring cell

populations.83 Similarly, spatial histone modification quantification

has delineated distinct enrichment patterns in breast tumors.84 These

spatially integrated approaches are poised to uncover the interplay

between chromatin and tumor ecosystems.

While these advancements have greatly enhanced our ability to

measure epigenomic diversity within tumors and have proven effec-

tive on frozen tissues in some cancers, these methods typically focus

on only one or two modalities rather than a full range of epigenomic

assessments.85 Achieving a complete single-cell and spatial resolution

map of the tumor epigenome, including histone modifications, chro-

matin structure, DNA-methylation and nucleosome positioning,

remains challenging. Consequently, the field of single-cell epigenomics

in cancer is still developing, holding considerable promise for future

discoveries in cancer research and treatment.

5 | EPIGENOMIC VARIATION AND
PROSTATE CANCER PROGRESSION

Prostate cancer presents a diverse clinical spectrum, with about 80%

of men being diagnosed when the cancer is still confined to the pros-

tate, 15% with locally advanced disease, and 5% with distant metasta-

ses.3 The prognosis for late-stage metastatic prostate cancer is poor,

with a 5-year overall survival rate of just 30%.3 While certain prognos-

tic factors like presence and quantity of bone and visceral metastases,

ISUP grade, performance status, initial PSA and alkaline phosphatase

are used in the clinical routine and offer some insight, current models

lack molecular markers that could improve patient stratification and

treatment personalization.86–89

Chromatin variants are increasingly recognized as critical contrib-

utors to cancer development and progression. For instance, research

on KRAS-mutant pancreatic cancer models shows that inflammatory

stress can lead to the establishment of chromatin states that are

“primed” for cellular transformation.90 These states are characterized

by enhanced deposition of H3K4me1 at genes associated with meta-

plasia, highlighting how inflammation can induce lasting epigenomic

changes that predispose tissues to cancer.91–93 Similarly, in lung can-

cer models, chromatin alterations have been linked to metastatic pro-

gression, where these epigenomic changes promote the activation of

malignant pathways.94

In prostate cancer, such mechanisms may play a critical role: In

the development and progression of prostate cancer to metastatic

castration-resistant prostate cancer (mCRPC), transcription factors

begin to interact with new DNA regulatory regions due to the

emergence of chromatin variants. This reprogramming reactivates

developmental pathways and contributes to cancer cell de-

differentiation.26,95–100 For example, the analysis of reactivated regu-

latory elements has led to the discovery and validation of previously

unknown metastasis-specific enhancers at key genes such as

HOXB13, FOXA1, and NKX3-1.95 This supports the idea that prostate

adenocarcinoma cells don't create entirely new programs but instead

repurpose previously lowly active or inactive ones.
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Epigenetic reprogramming is further implicated in metastasis, with

evidence showing that patients with regional lymph node metastasis

or high-grade tumors have significantly elevated expression of

JAK–STAT signaling genes.101 This abnormal signaling is linked to the

activation of an EMT lineage program, driving a metastatic phenotype.

The role of JAK–STAT signaling and EMT highlights the potential for

targeted therapies in aggressive prostate cancer. Additionally, alter-

ations such as the loss of Zfp36 further contribute to aggressive can-

cer phenotypes by enhancing the proliferative and invasive

capabilities of cancer cells.102 This loss leads to increased micro- and

macro-metastasis, with induced phenotypic plasticity enabling cancer

cells to mimic immune cell characteristics, a process called lymphocyte

mimicry.103 This mimicry, fueled by CIN and chronic activation of

DNA sensing pathways like STING, promotes metastasis through an

inflammatory response.104 Overall, chromatin-based epigenetic modi-

fications are key drivers of metastatic prostate cancer, contributing to

aggressive phenotypes by promoting JAK–STAT signaling and EMT,

as well as enabling cancer cells to adopt immune-like characteristics.

Standard of care for patients with metastatic cancer involves sys-

temic treatments, with local therapies used only as needed for symp-

tom relief. The initial effectiveness of ADT in prostate cancer patients

is based on its ability to target the dependency of hormone sensitive

prostate cancer (HSPC) to the AR activity.51 However, prostate cancer

cells can bypass the suppression effects of androgen ablation therapy

by transforming intracellular steroid precursors into androgenic ste-

roids.105,106 To inhibit the re-activation of AR-promoted tumor

growth next generation ARPIs are now available.107 Thus, combina-

tion therapy involving ADT and ARPI is for example employed to treat

patients upon the detection of metastatic hormone-sensitive recur-

rences (see Figure 1). However, metastatic HSPC (mHSPC) practically

always progresses to mCRPC even under combination therapy, which

presents as an incurable condition with limited life expectancy.

Recent research discovered that a subset of prostate cancer cells

remains transcriptionally unaffected by the ARPI enzalutamide.72

Using scATAC and RNA sequencing, the study identified distinct

intermediate cell states that emerge through alternative treatment

pathways, driven partly by chromatin variant acquisition. Two key

resistance-associated prostate tumor states, PROSGenesis and Per-

sist, were identified, which could predict outcomes in ARPI-treated

CRPC patients.72 These states also serve as prognostic markers for

primary prostate cancer patients undergoing ADT.72 Interestingly, in

treatment-naïve patients, a high PROSGenesis score is associated

with a longer response to ADT, likely due to the stronger influence of

AR activity in these tumors. However, in general, high signature

scores in these untreated patients are linked to a shorter time to pro-

gression, including biochemical recurrence.72

As clinical phenotyping of mCRPC has traditionally relied on mor-

phologic and immunohistochemical analyses, with genomic landscapes

of CRPC metastases within the same patient showing relative

similarity,108 recent research has uncovered significant variations in

chromatin accessibility in advanced prostate cancer, leading to the

identification of therapy-resistant mCRPC subtypes driven by specific

transcription factors.47,51 These mCRPC subtypes exhibit unique

global chromatin accessibility profiles, particularly in relation to AR

function, differing significantly from those seen in localized prostate

cancer and benign prostate tissue. These findings suggest that person-

alized treatment approaches could be developed based on the unique

epigenomic characteristics of each mCRPC subtype. Additionally, they

also emphasize that phenotypic diversity in mCRPC is common.109

Cellular plasticity significantly contributes to the development of

resistance to ARPIs in prostate cancer110,111 and as many as 20%

of advanced prostate cancers that are resistant to ARPI treatment

show a loss of epithelial lineage identity, leading to reduced

survival.112–117 This process, known as lineage infidelity or trans-

differentiation, involves the transition of cells within a tissue from one

identity to another and exemplifies cellular plasticity.20,118,119 Neuro-

endocrine prostate cancer (NEPC), which arises from epithelial

tumors, is a well-studied example of this phenomenon.120–122 This

process involves the accumulation of chromatin variants leading pros-

tate cancer cells to adopt an NEPC phenotype measured from

changes in DNA methylation and chromatin accessibility.51

NEPC is histopathologically characterized by a loss of AR expres-

sion, minimal PSA secretion, and the expression of neuroendocrine

markers such as chromogranins, synaptophysin (SYP), CD56, and

neuron-specific enolase (NSE).113,123,124 Although NEPC is largely

treatment-induced, rare de novo cases have been reported.125,126

Current treatment regimes are similar to small cell lung cancer, a lung

cancer that shares the neuroendocrine phenotype with NEPC,127 and

therapies include platinum therapies with etoposide and taxanes.128

This subtype displays a highly aggressive clinical course with a median

survival of less than a year.129

Even though the transformation to NEPC is facilitated by a combi-

nation of genetic and chromatin variations, key genetic events including

mutations in TP53 and RB1, are essential but not sufficient alone for

neuroendocrine transformation.48,130,131 EZH2, a crucial component of

the Polycomb repressive complex 2 (PRC2), is essential for maintaining

the transdifferentiated state,42,48,131 characterized by substantial

changes in cistromes and interactions with specific protein partners and

gene targets typically associated with the luminal epithelial pheno-

type.132 This transdifferentiation into NEPC is strongly influenced by an

activated neuronal program,133 driven by key transcription factors such

as ASCL1 and NEUROD1.134–136 These factors play a critical role in

chromatin remodeling and modulating EZH2 activity, thereby promot-

ing the development of a neuroendocrine phenotype, as revealed by

lineage tracing studies.48,117,131 Notably, the progression to a NEPC

phenotype appears to occur exclusively in vivo, likely because it

depends on stromal or immune cell signals that are not present in

models, such as organoid cultures.49

Targeting the epigenomic alterations that drives cellular plasticity

offers a novel therapeutic approach for treating NEPC. EZH2 inhibi-

tors, for instance, have shown potential in reversing neuroendocrine

transformation and restoring sensitivity to AR-targeted thera-

pies.48,137 Similarly, LSD1 inhibitors have the potential to reverse neu-

roendocrine phenotypes in prostate cancer.138,139 The effectiveness

of these strategies underscores the need for molecular diagnostic

assays to guide patient selection and optimize treatment timing.
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The transition to NEPC represents a significant challenge in the

management of advanced prostate cancer. Understanding

the chromatin-based mechanisms driving this lineage plasticity is cru-

cial for developing targeted therapies. Future research should focus

on further elucidating the role of chromatin factors in this process, as

well as optimizing therapeutic strategies that exploit epigenomic vul-

nerabilities. Molecular stratification of patients based on their chroma-

tin variants will be essential for the successful implementation of

these therapies in clinical practice.

6 | LEVERAGING CHROMATIN VARIANTS
FOR PRECISION ONCOLOGY

Genome-wide sequencing has revolutionized the molecular analysis

of cancer, making it more cost-effective and accessible while trans-

forming the treatment landscape for advanced prostate cancer.140,141

Techniques such as whole-genome sequencing (WGS), whole-exome

sequencing (WES), and targeted sequencing have become indispens-

able tools in this field.142 Targeted sequencing, in particular, offers the

advantage of deep coverage in specific regions of interest but carries

the risk of missing crucial driver mutations. This limitation may be

addressed by designing patient-specific panels tailored to individual

tumors, although this approach is not yet widely feasible and has its

pitfalls.143 The challenge lies in balancing the need for higher coverage

in targeted areas with the benefits of a broader but less detailed

approach.142 These advancements have shifted prostate cancer treat-

ment from a one-size-fits-all model to a more personalized approach,

integrating targeted therapies guided by genomic insights141,144 (see

Box 1 and Table 1).

In prostate cancer management, recognizing cellular plasticity can

be particularly challenging due to its dynamic nature at the cellular

level. This plasticity is most noticeable when a primary prostate tumor

or metastatic lesion exhibits mixed histology or a shift in phenotype

from the original tumor. For example, in cases where there is a trans-

formation to NEPC, targeted genomic assays like exome sequencing

can identify new genetic alterations related to this plasticity or resis-

tance to treatment, such as the loss of RB1 or TP53.145,146 Immuno-

histochemistry (IHC) can confirm these changes, but in both cases

obtaining new biopsies can be difficult and carries risk. Thus, there is

a pressing need for early detection methods to identify patients at risk

for cellular plasticity and to develop targeted treatments that address

these evolving characteristics.

Parallel to these developments, the reversible nature of chromatin

variants through chemical agents has sparked significant interest in

epigenetic therapies. As the mechanisms behind these processes are

increasingly understood, therapeutic agents that can modify their

function have emerged.147 Currently, the U.S. Food & Drug Adminis-

tration (FDA) has approved three classes of epigenetic inhibitors:

DNA methyltransferase (DNMT) inhibitors, histone deacetylase

(HDAC) inhibitors, and enhancer of zeste homolog 2 (EZH2) inhibitors.

For example, EZH2 inhibitors have been shown to re-sensitize resis-

tant prostate cancer cells by reducing repressive histone methylation,

which restores the expression of tumor-suppressive genes and re-

establishes sensitivity to ARPIs.48 These modulators have profoundly

deepened our understanding of how cancer cells leverage chromatin

BOX 1 Advances and challenges in the clinical

management of advanced prostate cancer: The role

of targeted therapies

Over the past two decades, the treatment landscape for

advanced prostate cancer has evolved significantly from a

one-size-fits-all approach to a more tailored strategy that

includes a variety of new therapeutic options. These include

second-generation anti-androgens (ARPIs, chemotherapy,

PARP inhibitors, immunotherapy, and radiopharmaceuticals,

all of which have collectively improved patient outcomes;

see Figure 1). Despite these advancements, significant gaps

remain in the management of metastatic prostate cancer.

Modern treatments now often involve the use of preci-

sion oncology, particularly for a subset of metastatic prostate

cancer cases where genomic testing has become a key tool.

PARP inhibitors, the most studied class of targeted therapies,

have shown benefits in mCRPC patients with BRCA1/2 or

ATM mutations, with Olaparib demonstrating efficacy after

one line of ARPI in the PROFOUND study.170 Another prom-

ising targeted therapy is Lutetium-177 radioligand therapy,

which targets the prostate-specific membrane antigen

(PSMA) and has shown a 66% PSA response rate post-ARPI

and taxane-based chemotherapy,171 so that studies are inves-

tigating earlier-stage use and combinations with Olaparib.172

Approximately 1%–2% of prostate cancer patients with defi-

cient mismatch repair (dMMR) mutations, microsatellite insta-

bility (MSI), or high tumor mutational burden (TMB) (>10

Mut/Mb) may benefit from the FDA-approved, tumor-

agnostic treatment Pembrolizumab.173,174 Additionally, AKT

inhibitors like Ipatasertib have shown progression free sur-

vival (PFS) but no overall survival improvement (OS) in

mCRPC patients with PTEN loss.175,176 Other targeted thera-

pies like Fibroblast growth factor receptor (FGFR) inhibitors

have shown limited response,177 though MEK inhibitors pre-

sent promising case reports178 (see Table 1).

However, the rarity of certain mutations and the lack of

mature comparative data highlight the need for early,

repeated genetic sequencing and large-scale studies. These

challenges underscore the multi-dimensional tumor pheno-

typic heterogeneity in prostate cancer, necessitating even

more precise and personalized approaches to treatment. As

we advance, the integration of epigenetic therapies that tar-

get chromatin variants and reprogram the epigenome will be

crucial in addressing the complexity of prostate cancer and

enhancing the effectiveness of precision oncology.
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variants for growth and survival.40,147 Clinical trials are ongoing to

evaluate the use of epigenetic therapies in combination with other

drugs, aiming to improve responses to standard treatments in prostate

cancer (see Table 2). In the coming years, we foresee a substantial

increase in studies leveraging temporal epigenomic data across

diverse assays to elucidate the mechanisms driving tumor evolution. A

particularly promising development is the integration of spatial omics

technologies with lineage barcoding approaches,148,149 which enable

the tracing of cellular ancestry and dynamic changes in tumor archi-

tecture over time.

Advancements in molecular profiling have revolutionized person-

alized cancer treatment by enabling the precise selection of therapies,

real-time assessment of treatment responses, early detection of drug

resistance, and effective monitoring of tumor relapse.141,144 Tradition-

ally, tumor profiling relies on invasive surgical biopsies, which pose

several challenges, including the difficulty of acquiring adequate, high-

quality samples and the limitations of performing repeated biopsies

for dynamic tumor monitoring.142,150,151 To address these challenges,

oncology research has increasingly pivoted toward less invasive

methods like liquid biopsies, which provide a more practical and com-

prehensive approach to capturing tumor dynamics and heterogeneity

over time.

Liquid biopsy technologies are emerging as valuable tools for

non-invasive cancer diagnosis and monitoring.142,150,152 Tech-

niques that analyze circulating tumor DNA (ctDNA), circulating

tumor cells (CTCs), exosomes, and cell-free DNA/RNA (cfDNA/

cfRNA) offer insights into tumor genetics and epigenetics.142 While

the analysis of ctDNA to detect mutation and copy-number alter-

ations is already incorporated in the clinical routine for targeted

therapy,116,145,153–158 plasma-based epigenomic profiling, for

instance, has revealed chromatin variants associated with treat-

ment resistance and cancer progression, providing a potential alter-

native to traditional tissue biopsies.

The detection and management of early-stage prostate cancer

face significant challenges due to the lack of consensus genetic

mutations. For example, alterations in the SPOP gene, among the

most frequent in early prostate cancer, occur in only 8%–13% of

cases, highlighting the limitations of genetic approaches in early

diagnostics.23,159 Consequently, alterations detected through urine-

based approaches offer a promising non-invasive strategy for identi-

fying early disease states, potentially reducing the need for invasive

prostate biopsies. A notable example is the Epigenetic Cancer of the

Prostate Test in Urine (epiCaPture).160 This multi-biomarker panel

quantitatively measures DNA hypermethylation in urine samples at

the regulatory regions of six genes (GSTP1, SFRP2, IGFBP3, IGFBP7,

APC, and PTGS2), all implicated in prostate carcinogenesis. This

approach shows great potential when used in combination with

existing tools such as PSA testing and risk calculators. By guiding

biopsy decisions, epiCaPture can help alleviate patient harm and

reduce the burden on healthcare systems caused by over-performing

biopsies.160

As the epigenome shows promise for distinguishing phenotypes,

assays to characterize chromatin variants from the bloodstreamT
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were developed. Most cfDNA in the bloodstream is associated with

nucleosomes when it is released from dying cells.161–163 This results

in DNA fragmentation that reflects the nonrandom cleavage by

nucleases. New methods for analyzing cfDNA fragmentation pat-

terns from plasma in cancer research can be conducted using stan-

dard WGS techniques.164–169 A study by Baca et al.152

demonstrates that cell-free chromatin immunoprecipitation (cfChIP)

for H3K27ac detected the activation of an enhancer of the AR gene,

which contributes to castration resistance in prostate cancer—an

alteration that DNA methylation analysis could not detect due to

hypomethylation at the locus.152

Another recent study identified key transcriptional regulators

associated with specific cancer phenotypes, such as AR, ASCL1,

HOXB13, HNF4G, and GATA2, from ctDNA.163 They developed pre-

dictive models for distinguishing NEPC from androgen receptor-

positive prostate cancer (ARPC) in plasma samples, achieving 97%

accuracy for dominant phenotypes and 87% for mixed phenotypes.

This approach demonstrates that ctDNA analysis offers diagnostic

capabilities comparable to traditional methods like IHC and transcrip-

tome profiling from tumor biopsies, with potential advantages for pre-

cision oncology.163 Additionally, the technique detected elevated

H3K27ac signals at specific binding sites in plasma from patients with

treatment-induced NEPC, a transformation that genetic assays cannot

detect.152 This method enables the detection of chromatin accessibil-

ity changes and transcriptional programs associated with different

cancer phenotypes, including neuroendocrine differentiation in pros-

tate cancer.

7 | CONCLUSION

The integration of chromatin variant analysis with liquid biopsy tech-

nologies represents a significant leap forward in the field of precision

oncology. By concentrating on the epigenomic landscape and utilizing

non-invasive diagnostic tools, researchers and clinicians can tailor

more effective and personalized cancer treatments covering heteroge-

neity and plasticity. However, to advance research and precision

oncology, a multi-disciplinary approach involving close collaboration

between clinicians, researchers, and the pharmaceutical industry is

paramount. This collaboration should focus on implementing compre-

hensive multi-omics strategies that include primary multi-focal biop-

sies, matched biopsies of metastatic sites, and serial blood draws at

critical clinical junctures. These key time points should include base-

line assessments at diagnosis, post-treatment evaluations, during PSA

rise, at phenotypic transitions (such as the switch from hormone-

sensitive to castration-resistant prostate cancer), and upon relapse or

the emergence of therapy resistance. Such an approach would enable

a more detailed understanding of tumor evolution, resistance mecha-

nisms, and the timing of epigenetic and molecular changes. By inte-

grating these data, the field can move towards more precise,

targeted therapies that are applied at the optimal time, thereby

improving patient outcomes and addressing the complex biology of

prostate cancer.T
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