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Abstract
Treatment-associated small cell neuroendocrine carcinoma of the prostate (t-SCNC) is an aggressive prostate
cancer variant with rising incidence. Although morphologically similar to de novo small cell prostate cancer, t-SCNC
is thought to emerge from metastatic castration-resistant prostate cancer (mCRPC) under the selective pressure of
prolonged AR-targeted therapies. t-SCNC is associated with a distinct transcriptional landscape, characterized by
the upregulation of stem cell-associated and neuronal programs (e.g., SOX2, N-MYC, FOXA2) and decreased
canonical AR signaling. In addition, as with other neuroendocrine carcinomas, RB1 loss and inactivating TP53
mutations are key genomic hallmarks of t-SCNC. Nevertheless, despite their histologic, molecular, and clinical
differences, there is a striking degree of genomic overlap between t-SCNC and its adenocarcinoma counterpart.
This finding underscores the clonal evolution of t-SCNC from mCRPC, as well as the importance of epigenetic
mechanisms in regulating tumor phenotype. In this review, we summarize the key genomic, transcriptional, and
epigenetic features of t-SCNC and discuss how recent advances in our understanding of molecular drivers of tSCNC have contributed to improving the diagnosis and treatment of this aggressive disease.
Keywords: Castration-resistant prostate cancer, epigenetics, lineage plasticity, molecular genetics, neuroendocrine
prostate cancer, small cell carcinoma, prostate
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INTRODUCTION
Although novel androgen receptor (AR) targeted therapies have contributed to a recent decline in prostate
cancer (PC) mortality[1], metastatic castration-resistant prostate cancer (mCRPC) remains a lethal disease
with over 30,000 yearly deaths in the United States alone[2]. While most cases of PC initially respond to ARtargeted therapies, prolonged treatment invariably leads to the development of castration-resistant disease.
Resistance to AR-targeted therapy can arise in the setting of upregulated AR signaling, often driven by
genomic alterations of the AR gene, enhancer, or co-activators. Lineage plasticity constitutes a distinct
mechanism of resistance to AR-targeted therapy, whereby selective treatment pressure induces a phenotypic
switch from an AR-driven adenocarcinoma to an AR-independent variant - morphologically similar to the
rare but highly aggressive de novo small cell prostate cancer. This treatment-emergent variant can present as
pure or mixed small cell carcinoma and has been variously labeled neuroendocrine[3] or aggressive variant[4]
prostate cancer. We refer to this entity as “treatment-associated small cell neuroendocrine prostate cancer”
or t-SCNC, recognizing both its similarity to de novo small cell prostate cancer and its emergence following
AR targeted therapy.
t-SCNC is an aggressive PC variant characterized by increased resistance to conventional AR-targeted
therapies[5]. The optimal treatment of t-SCNC has not been established, and although platinum-based
chemotherapy regimens are commonly used, treatment responses are typically short-lived, and prognosis
remains poor[4,6]. Recent advances in our understanding of the genomic and epigenetic features of t-SCNC
have improved our ability to identify patients with t-SCNC while simultaneously bringing into focus a
spectrum of aggressive tumor phenotypes with varying levels of AR independence and neuroendocrine
differentiation. In addition, improved characterization of the underlying molecular drivers of t-SCNC has
also helped to identify potential therapeutic targets in a disease with otherwise limited treatment options.
In this review, we explore the genomic, transcriptional, and epigenetic landscape of t-SCNC. We discuss
important genetic drivers of lineage plasticity and some of the mechanisms through which genomic
alterations and epigenetic reprogramming contribute to the emergence of t-SCNC. Finally, we review how
recent advances in our understanding of t-SCNC have contributed to the development of potential new
therapeutic strategies for this aggressive disease.

DIAGNOSIS AND CLINICAL FEATURES
Small cell neuroendocrine carcinoma (SCNC) of the prostate is rarely present at the time of initial diagnosis
(< 2% of all PC)[7] and more commonly arises in patients with a history of prostatic adenocarcinoma and
prior antiandrogen therapy (i.e., t-SCNC)[8,9]. Historically thought of as a rare PC variant[10], an analysis of
contemporary series suggests that t-SCNC occurs in as many as 20% of mCRPC patients[11]. This rising
incidence may in part be due to the increasing and earlier use of more intensive AR-targeted therapies, but
also likely reflects an ascertainment bias as biopsies of metastatic disease become more common.
Traditionally, the diagnosis of SCNC has required the presence of small cell histology on biopsy, along with
low AR expression and positive staining for neuroendocrine markers such as chromogranin A or
synaptophysin. In more recent years, however, improved molecular profiling has led to the recognition of a
subset of patients with aggressive PC lacking small cell histology but with molecular and clinical features of
t-SCNC[12].
Clinically, t-SCNC is associated with significantly shorter survival and decreased response to AR-targeted
therapies[5,11]. Therefore, a high clinical index of suspicion and prompt initiation of chemotherapy is often
required to impact the natural history of this disease. Unfortunately, no single clinical feature can be used to
reliably distinguish t-SCNC patients from mCRPC patients with adenocarcinoma (hereafter referred to as
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mCRPC-adenocarcinoma). The presence of visceral or predominantly lytic bone metastases, bulky tumors,
low prostate-specific antigen levels relative to tumor burden, and short response to androgen deprivation
therapy (ADT) have been used to select patients for platinum-based chemotherapy[4]. However, the
sensitivity and specificity of these clinical features have not been established. Our group has demonstrated
that the combined finding of a serum neuron-specific enolase concentration > 6.05 ng/mL and
chromogranin A level > 3.1 ng/mL showed high sensitivity and negative predictive value (95% and 98%,
respectively), but low specificity (50%) and positive predictive value (22%) for the finding of t-SCNC on
biopsy. Although commonly seen at the time of t-SCNC diagnosis, the presence of liver metastases does not
predict histology[11].

GENOMIC ALTERATIONS IN T-SCNC
Unlike other small cell neuroendocrine carcinomas and their non-small cell histologic counterparts[13], there
is a surprising overlap in the spectrum of genomic alterations seen in t-SCNC and mCRPCadenocarcinoma. Similar numbers of single nucleotide and copy number variants are observed across tSCNC and mCRPC-adenocarcinoma specimens[3,14], and most of the common PC alterations (such as ERG
gene rearrangements and PTEN deletions) are detected in similar frequencies across the two histologic
subtypes[15-17]. This genomic overlap supports a divergent model of clonal evolution, whereby t-SCNC arises
through transdifferentiation of an mCRPC-adenocarcinoma subclone - rather than treatment selection of a
pre-existing independent neuroendocrine subclone. The paucity of genomic differences between mCRPCadenocarcinoma and t-SCNC also underscores the potential role of epigenetic reprogramming in mediating
lineage plasticity and establishing tumor phenotype, discussed below. In the context of this broad genomic
overlap, however, the few genomic differences that have been described across the two histologic subtypes
provide important insights into the pathogenesis of t-SCNC.
RB1 loss and inactivating TP53 mutations have long been implicated in cancer development through the
activation of E2F transcription factors required for cell cycle progression and downregulation of proapoptotic genes, respectively[18,19]. Among PC patients, the incidence of these alterations increases as the
disease progresses from non-metastatic adenocarcinoma to mCRPC[17]. Heterogeneous levels of RB1
depletion within individual metastatic biopsies further suggest that RB1 loss constitutes a late subclonal
event in mCRPC[20]. Both TP53 mutations and RB1 loss are significantly enriched in patients with t-SCNC:
Whole-exome sequencing of 81 mCRPC samples (including 30 t-SCNC tumors) thus detected RB1 loss in
70% of t-SCNC tumors, compared to only 32% of mCRPC-adenocarcinoma samples (P = 0.003)[3]. In
another cohort of 101 mCRPC patients, RB1 loss was present in all five t-SCNC samples (with the biallelic
loss occurring in 60% of cases), compared to only 9.4% of mCRPC-adenocarcinoma tumors[14]. TP53
alterations, which are found in approximately 30% of mCRPC-adenocarcinomas, are detected in up to twothirds of t-SCNC cases (P = 0.043)[3,14,21]. Finally, combined TP53 alteration and RB1 loss (seen in only 4%5% of mCRPC)[15,21] have been reported in more than 50% of t-SCNC[3].
Although RB1 loss and TP53 mutations constitute key genomic hallmarks of t-SCNC, these alterations
alone are not sufficient to drive neuroendocrine differentiation or to make a diagnosis of t-SCNC. Indeed,
persistent adenocarcinoma phenotype can still be seen in a subset of TP53/RB1 deficient mCRPC
samples[21]. Similarly, among patients treated with neoadjuvant AR-targeted therapy, the presence of an RB1
loss predicts increased tumor proliferation and treatment resistance but is not itself associated with the
expression of neuroendocrine markers[22]. Rather than directly inducing neuroendocrine differentiation,
RB1 loss and TP53 alterations more likely cooperate to promote lineage plasticity - thereby allowing cancer
cells to undergo a phenotypic switch following additional genomic and epigenetic events. Consistent with
this model, combined RB1/TP53 loss in PTEN-deficient mouse models of PC has been shown to induce
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lineage plasticity and resistance to AR-targeted therapies through EZH2-dependent epigenetic
reprogramming and upregulation of the “stemness” transcriptional factor SOX2[23-26]. Similarly, combined
RB1/TP53 loss in patient-derived organoids has been shown to synergistically alter chromatin accessibility,
promoting expression of stemness transcriptional programs while downregulating prostatic
adenocarcinoma and epithelial differentiation programs[27]. Although the exact sequence of events leading to
the emergence of t-SCNC has not been established, these findings suggest that early genomic events such as
RB1 loss and inactivating TP53 mutations may induce lineage plasticity, with additional genetic and
epigenetic factors leading to subsequent neuroendocrine differentiation and increased cellular
proliferation[28].
In addition to the increased frequency of RB1 loss and TP53 mutations that characterize t-SCNC compared
with mCRPC-adenocarcinoma, t-SCNC is also associated with a paucity of genomic alterations involving
the canonical AR signaling pathway, such as amplifications or activating point mutations of the AR gene
locus[3,14,29]. Whole-genome sequencing similarly shows a relative decrease in the incidence of AR enhancer
amplifications among t-SCNC patients compared to those with mCRPC-adenocarcinoma[14]. Interestingly,
although the overall incidence of mutations involving the AR-coregulator Forkhead box A1 (FOXA1) is
similar across t-SCNC and mCRPC-adenocarcinoma, FOXA1 R219 mutations are significantly enriched in
t-SCNC and have been associated with upregulation of epithelial-mesenchymal-transition (EMT)
program[30]. Key genomic features of t-SCNC are summarized in Table 1, and the role of FOXA1 in lineage
plasticity is discussed in greater length below.

TRANSCRIPTIONAL PROFILE OF T-SCNC
Despite its genomic overlap with mCRPC-adenocarcinoma, t-SCNC is associated with a distinct
transcriptional profile characterized by the upregulation of stem cell-associated and neuronal
programs[3,11,31,32]. Consistent with the increased incidence of RB1 loss at the genomic level, transcriptional
targets of the E2F transcription factor 1 (E2F1) - negatively regulated by the retinoblastoma protein - are
among the topmost preferentially expressed genes in t-SCNC[11]. On the other hand, genes related to the
NOTCH signaling pathway, androgen response, and AR activity are frequently downregulated in t-SCNC
relative to mCRPC-adenocarcinoma[3,11,14]. Distinct from de novo SCNC, and somewhat surprisingly,
persistent nuclear AR expression can still be observed in a subset of t-SCNC tumors despite the
downregulation of canonical AR transcriptional programs[11]. This finding highlights the likely role of
epigenetic modification of AR signaling and the presence of alternative, non-canonical AR transcriptional
programs in t-SCNC.
SRY-related HMG-box gene 2 (SOX2) is a key mediator of RB1 loss/TP53 inactivation-induced lineage
plasticity and has been identified as a master regulator in t-SCNC[9,11,14] SOX2 serves to maintain
pluripotency in human embryonic stem cells[33] and is well known for its ability to reprogram somatic cells
into induced pluripotent stem cells when combined with OCT4, KLF4 and cMYC[34]. In the normal prostate,
SOX2 expression is restricted to basal epithelial cells. It is repressed by canonical AR signaling[35-37] and
conversely upregulated by AR signaling inhibitors[38]. SOX2 upregulation in prostate cancer has been
associated with a poorly-differentiated stem-cell-like phenotype[35] and is necessary for castration-induced
neuroendocrine differentiation in both PTEN null[39] and RB1/TP3 null[23] models of prostate cancer. In line
with its role in normal human development, SOX2 expression in prostate cancer is thought to contribute to
lineage plasticity by promoting the expression of pluripotency genes and repressing master regulators of
adenocarcinoma lineage such as FOXA1[40]. The exact mechanism through which SOX2 regulates
transcription has not been elucidated but, interestingly, does not appear to occur through direct DNA
binding. However, SOX2 overexpression induces a dramatic shift in histone H3 methylation status,
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Table 1. Summary of key genomic alterations associated with t-SCNC

Genes

Summary of findings

RB1/TP53

RB1 loss and inactivating TP53 mutations are key genomic hallmarks of t-SCNC. Their frequency Combined RB1 loss and inactivating TP53 mutations have been implicated with ADT resistance
increases as PC progresses from primary adenocarcinoma to mCRPC-adenocarcinoma. Both
and lineage plasticity through EZH2-dependent epigenetic reprogramming and upregulation of
[3,11]
[23-26]
alterations are further enriched in t-SCNC
the “stemness” transcriptional factor SOX2

Comments

AR/AR enhancer/
AR co-activators

t-SCNC is associated with a relative paucity of genomic alterations (e.g., amplifications,
[3,14]
activating point mutations) involving the AR gene locus and AR enhancer

SETD2, CYLD

Loss of SETD2 and CYLD has also been associated with t-SCNC

[3]

Specific R219 mutations in the AR coactivator and pioneer transcription factor FOXA1 have been
[30]
associated with upregulation of EMT programs and t-SCNC
Genomic loss of CYLD is detected in up to half of t-SCNC cases and associated with decreased
[3]
canonical AR signaling

t-SCNC: Treatment-associated small cell neuroendocrine prostate cancer; PC: prostate cancer; mCRPC: metastatic castration-resistant prostate cancer; ADT: androgen deprivation therapy; EZH2: enhancer of zeste
homolog 2; AR: androgen receptor; EMT: epithelial-mesenchymal-transition.

mediated in part by lysine-specific demethylase 1 (LSD1), thereby altering chromatin structure and accessibility[40].
MYC (encoded by the MYCN proto-oncogene) is another key transcription factor upregulated in t-SCNC. In normal human development, N-MYC promotes
the proliferation of neuronal progenitor cells and plays a critical role in organogenesis. MYCN upregulation has been implicated in the development of various
malignancies and is associated with shortened overall survival in prostate cancer patients[41]. MYCN expression is upregulated in RB1 deficient LNCaP cell
lines[21] and in t-SCNC samples[42] and is thought to play a direct causal role in the emergence of neuroendocrine differentiation. Indeed, N-MYC has been
shown to cooperate with EZH2 to downregulate AR transcriptional programs, and forced MYCN expression in PTEN deficient PC xenografts recapitulates a
poorly-differentiated carcinoma with variable AR expression levels and epithelial-mesenchymal transition phenotype[42]. MYCN expression has also been
implicated in increased resistance to AR-targeted therapy, in part through upregulation of DNA damage response pathway genes such as ATM[42-44].
Interestingly, N-MYC transcriptional activity appears to be modulated by circulating androgen levels. Thus, following androgen depletion, a shift in the NMYC cistrome (i.e., genome-wide binding sites) towards neural development and lineage pathways genes (e.g., SOX2, CHGA) has been described[42]. This
mechanism offers a potential link between exposure to androgen deprivation therapy and the emergence of t-SCNC.
Forkhead box A1 (encoded by the FOXA1 gene) is a pioneer transcription factor and important AR co-regulator. It is the third most commonly altered gene in
prostate cancer, with gene rearrangements or point mutations detected in up to a third of patients with mCRPC[30,45]. Canonical FOXA1 signaling maintains
epithelial differentiation in prostate and prostate cancer cells, in part through the transcriptional suppression of interleukin-8 - which has itself been implicated
in neuroendocrine differentiation via upregulation of enolase 2 expression and the MAPK/ERK pathway[46]. Conversely, FOXA1 knockdown in LNCaP
prostate adenocarcinoma cells induces neuroendocrine differentiation, and FOXA1 gene expression is significantly lower among t-SCNC samples when
compared to prostatic adenocarcinoma[46]. However, the exact role of FOXA1 signaling in lineage plasticity and neuroendocrine differentiation has not been
fully established, as some evidence suggests that FOXA1 reprogramming - rather than downregulation - contributes to the emergence of t-SCNC. Mutations in
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the R219 hotspot of the forkhead domain (enriched in t-SCNC) have thus been associated with increased
FOXA1 binding to non-canonical sites and activation of mesenchymal and neuroendocrine transcriptional
programs. Although R219 mutations are detected only in a small subset of t-SCNC[30], genome-wide
profiling of wild-type FOXA1-binding sites in patient-derived xenografts similarly shows reprogramming of
FOXA1 signaling in t-SCNC - with novel binding sites identified near regions of neuronal and stemnessassociated genes[47]. Thus despite decreased transcriptional expression, persistent non-canonical FOXA1
signaling may still contribute to neuroendocrine differentiation in t-SCNC.
FOXA2 is another lineage-specific pioneer transcription factor implicated in the emergence of t-SCNC.
Unlike FOXA1, FOXA2 expression in the normal adult prostate is restricted to basal epithelial cells[48]. Its
putative role in the development of t-SCNC was first suggested by the finding of FOXA2 upregulation
across various mouse models of t-SCNC[48-50]. Subsequent work has demonstrated that FOXA2 expression is
significantly enriched in t-SCNC patient samples, with strong staining by immunohistochemistry in up to
75% of t-SCNC tumors, compared with only 4% of adenocarcinoma samples[51]. A more recent
transcriptional analysis of mCRPC biopsies has identified FOXA2 as one of the main master regulators
preferentially expressed in t-SCNC[11]. Upregulation of FOXA2 in t-SCNC appears to be mediated in part by
the removal of repressive histone methylation marks in the FOXA2 promoter region[52]. The resulting
increase in FOXA2 expression, in turn, has been shown to cooperate with hypoxia-inducible factor 1 alpha
(HIF1-α) to upregulate neuronal programs and specific HIF1 alpha targets genes (HES6, SOX9, and
KDM3A) under hypoxic conditions[53].
The ONECUT2 master regulator has surfaced in recent years as another key transcriptional regulator of
lineage plasticity and mediator of hypoxia-induced neuroendocrine differentiation[54,55]. Through pan-cancer
mRNA abundance analyses of poorly-differentiated neuroendocrine tumors, ONECUT2 was identified as
one of 9 transcription factors (along with ASCL1, INSM1, PROX1, SIX2, MYT1, and MYT1L) differentially
upregulated in neuroendocrine tumors compared to their non-neuroendocrine counterpart. In PC
specifically, ONECUT2 expression has been shown to be upregulated in prostatic adenocarcinoma
(compared with benign prostate tissue) and is associated with an increased risk of biochemical recurrence
following primary local therapy[54]. ONECUT2 is further upregulated as PC progresses from primary
adenocarcinoma to mCRPC and from mCRPC-adenocarcinoma to t-SCNC, where the highest expression
levels are seen[55]. In addition to promoting cell cycle-related transcriptional programs (including targets of
the E2F transcription factors), ONECUT2 also appears to be a key regulator of hypoxia-induced gene
expression and promotes angiogenesis and cellular proliferation under hypoxic conditions[55]. Other work
has similarly identified ONECUT2 to be a key regulator of t-SCNC through downregulation of AR and
FOXA1 transcriptional program and upregulation of neuronal and stem-cell programs[54]. The key
transcriptional features of t-SCNC are summarized in Table 2.

EPIGENETIC DRIVERS OF T-SCNC
The paucity of genomic differences observed across mCRPC-adenocarcinoma and t-SCNC underscores the
role of epigenetic changes in driving tumor phenotype and lineage plasticity. Indeed, targeted bisulfite
sequencing of CpG methylation status has shown a high degree of concordance between DNA methylation
and gene expression levels across t-SCNC and mCRPC-adenocarcinoma[3,56]. At the genome-wide level,
bisulfite sequencing demonstrates stark differences in the DNA methylation landscapes of t-SCNC and
mCRPC-adenocarcinoma tumor samples[29,57]. Along with DNA methylation, post-translational histone
modifications play an important role in regulating chromatin structure and have also been implicated in the
emergence of t-SCNC. Genome-wide sequencing of histone acetylation status thus clearly distinguishes
neuroendocrine and adenocarcinoma patient-derived xenografts, while genes upregulated in t-SCNC have
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Table 2. Summary of key transcriptional programs associated with t-SCNC

Gene/pathway Summary of findings

Comments

SOX2

The “stemness” transcriptional factor SOX2 is a key mediator of lineage plasticity in RB1/TP53 depleted SOX2 transcriptional regulation does not appear to be mediated by direct DNA binding
[23]
prostate cancer . SOX2 upregulation promotes the expression of pluripotency genes and represses
but rather through modulation of histone H3 methylation status and chromatin
[40]
[40]
master regulators of adenocarcinoma-lineage such as FOXA1
accessibility

MYCN

MYCN expression is upregulated in t-SCNC samples relative to localized prostate adenocarcinoma and Androgen depletion induces a shift in the N-MYC cistrome towards neural development
[42]
[42]
mCRPC . N-MYC cooperates with EZH2 to downregulate AR transcriptional programs and promotes and lineage pathways genes , thus providing a potential link between exposure to
resistance to AR-targeted therapy
androgen deprivation therapy and the emergence of t-SCNC

FOXA1

FOXA1 is a pioneer transcription factor, which maintains epithelial differentiation in prostate and
prostate cancer cells. FOXA1 gene expression is significantly lower among t-SCNC samples when
[46]
compared to prostatic adenocarcinoma

Mutations in the R219 hotspot of the FOXA1 forkhead domain are associated with t-SCNC
and result in non-canonical FOXA1 signaling and activation of mesenchymal and
[30]
neuroendocrine transcriptional programs

FOXA2

FOXA2 is a topmost master regulator of neuroendocrine differentiation, upregulated in up to75% of t[14,51]
SCNC cases staining (vs. only 4% of mCRPC-adenocarcinoma samples)

FOXA2 upregulation is mediated by the removal of repressive histone methylation marks
[52]
in the FOXA2 promoter region

ONECUT2

Several analyses have identified ONECUT2 as a key master regulator of t-SCNC through the promotion ONECUT2 has also been implicated in hypoxia-induced neuroendocrine differentiation
[55]
of neuronal, stem-cell, and cell cycle-related transcriptional programs and downregulation of AR and
through SMAD3 signaling
[54,55]
FOXA1 activity

t-SCNC: Treatment-associated small cell neuroendocrine prostate cancer; mCRPC: metastatic castration-resistant prostate cancer; EZH2: enhancer of zeste homolog 2; AR: androgen receptor.

been associated with nearby regions of increased histone acetylation[47]. Importantly, these dramatic shifts in the epigenetic landscape of t-SCNC are supported
by significant changes in tumor metabolism: increased glycolysis - and the resulting production of acetyl-CoA from pyruvate - provides a key substrate for
histone acetylation[58,59]. Decreased expression of protein kinase C λ/ι and upregulation of phosphoglycerate dehydrogenase (PHDGH) in t-SCNC leads to
increased S-adenosyl methionine (SAM) synthesis, which in turn provides methyl groups required for DNA and histone methylation[60]. Interestingly,
treatment of PC cells with cycloleucine (an inhibitor of SAM synthesis) has been shown to reduced neuroendocrine and basal markers[60]. The interplay
between tumor metabolism and epigenetic mechanisms suggests a potential for metabolic-directed therapies to reverse lineage plasticity and restore ARdependence in t-SCNC.
In addition to these genome-wide differences, several specific epigenetic pathways and regulators have been implicated in the emergence of t-SCNC [Table 3].
The histone methylase polycomb repressive complex 2 (PRC2) is a key epigenetic regulator of transcription, repressing gene expression through methylation of
histone 3 lysine 27 (H3K27me3) on nucleosomes. The histone-lysine N-methyltransferase Enhancer of zeste homolog 2 (EZH2) constitutes the major catalytic
enzyme of PRC2 and has emerged in recent years as one of the most important drivers of epigenetic reprogramming in t-SCNC. Indeed, transcriptional
profiling of various t-SCNC samples and pre-clinical models have consistently identified EZH2 as one of the topmost overexpressed epigenetic regulators in tSCNC[3,61,62]. Furthermore, EZH2 silencing has been shown to prevent neuroendocrine differentiation in several patient-derived xenografts and organoid
models of t-SCNC[62,63]. However, the exact mechanism through which EZH2 contributes to the development of t-SCNC has not been fully elucidated. EZH2 is
a transcriptional target of E2F1 and is upregulated in RB1 depleted tumors[24,62]. Androgen deprivation has also been shown to increase EZH2 activity through
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Table 3. Summary of key epigenetic mechanisms and pathways associated with t-SCNC

Gene/epigenetic
mechanism

Summary of findings

Comments

DNA methylation

CpG methylation status shows a high degree of concordance between DNA methylation and gene expression levels
[3,56]
across t-SCNC and mCRPC-adenocarcinoma samples

Bisulfite sequencing of cell-free DNA is capable of distinguishing tSCNC cases from mCRPC-adenocarcinoma and may provide a novel
[29]
non-invasive biomarker of t-SCNC

Histone acetylation

t-SCNC is associated with increased histone acetylation of regulatory elements near neuronal and stemness genes,
[47]
such as CHGA, ASCL1, and SOX2

Increased rate of glycolysis in t-SCNC results in increased generation
[58,59]
of acetyl-CoA, a key substrate for histone acetylation

EZH2

The EZH2 histone methyltransferase is one of the topmost overexpressed epigenetic regulators in t-SCNC
.
EZH2 cooperates with N-MYC to downregulate AR target gene expression and promote neuronal transcriptional
[41,42,56]
programs

Androgen deprivation increases EZH2 activity through PKA/CREB
[64]
signaling , offering a potential link between prolonged
antiandrogen therapy and lineage plasticity

SRRM4

SRRM4 is upregulated in t-SCNC and accounts for the majority of alternative mRNA splicing events associated with
[65]
t-SCNC . In particular, SRRM4 induces an inactive splice variant of REST-1 (a negative master regulator of
[67]
neuroendocrine differentiation), which is downregulated in up to 50% of t-SCNC tumors

SRRM4 has also been shown to induce a splice variant of the histone
modulator LSD1 (LSD1+8a), which in turn regulates AR signaling and
[73]
promotes neuronal gene expression

[3,61,62]

t-SCNC: Treatment-associated small cell neuroendocrine prostate cancer; mCRPC: metastatic castration-resistant prostate cancer; EZH2: enhancer of zeste homolog 2; AR: androgen receptor; LSD1: lysine-specific
demethylase 1; SRRM4: serine/arginine-repetitive matrix 4.

PKA/CREB signaling[64], suggesting a potential mechanism by which prolonged antiandrogen therapy may promote lineage plasticity. EZH2 has, in turn, been
shown to cooperate with N-MYC to downregulate AR target gene expression and promote neuronal transcriptional programs[41,42,56]. Conversely, EZH2
silencing in patient-derived t-SCNC models prevents neuroendocrine differentiation and leads to a decrease in global H3K27 methylation status associated
with downregulation of stemness and neuronal transcriptional programs[62,63].
The serine/arginine-repetitive matrix 4 (SRRM4) splicing factor is also upregulated in t-SCNC and is estimated to account for the majority of alternative
splicing events associated with t-SCNC[65]. Pre-clinical models suggest that its activity is enhanced by RB1/TP53 depletion and antiandrogen therapy[65]. Genes
susceptible to SRRM4-mediated alternative splicing include a variety of other RNA splicing factors and neural-specific histone modifiers such as BHC80 and
LSD1, further highlighting the role of epigenetic reprogramming driving lineage plasticity and neuroendocrine differentiation. SRRM4 has also been shown to
induce an inactive splice variant of the repressor element-1 silencing transcription factor (REST-1). REST-1 is a negative master regulator of neuroendocrine
differentiation, and in its intact form, functions to suppress neuronal transcriptional programs in non-neuronal cells. It is also an important repressor of gene
expression in hypoxic conditions[66]. Downregulation of REST is seen in up to 50% of t-SCNC tumors (compared with only 3% of metastatic prostate
adenocarcinoma)[67] and has been shown to promote epithelial-mesenchymal transition and stemness transcriptional programs (e.g., SOX2, POU3F2)[32,68].
Although AR independence is considered a hallmark of t-SCNC, persistent AR expression can still be seen in a subset of cases[11]. Recent insights suggest a role
for epigenetic reprogramming of AR signaling in t-SCNC. Unlike pioneering transcription factors (such as FOXA1), which are able to bind to DNA within
areas of condensed chromatin, AR preferentially binds to open chromatin within nucleosome-depleted regions[69]. Epigenetic mechanisms of chromatin
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remodeling and AR recruitment have thus been implicated in modulating AR signaling in t-SCNC. As
discussed above, repressive histone methylation marks induced by the cooperative action of N-MYC and
EZH-2 downregulate canonical AR transcriptional programs in t-SCNC. The histone modulator LSD1 (also
known as KDM1A) similarly regulates AR signaling via both transcriptional repression (through H3K4 and
H3K9 demethylation) and coactivation (through histone H3 phosphorylation) of AR-target genes[70].
Increased LSD1 expression, which is associated with RB1 loss in prostate cancer cells[71], has been implicated
in lineage plasticity through upregulation of stemness and EMT transcriptional programs, as well as
induction of glycolysis‐shifted metabolism[72]. A t-SCNC-specific splice variant of LSD1 (LSD1+8a) induced
by SRRM-4 and associated with activation of neuronal gene expression was recently described[73].

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS
t-SCNC is an aggressive clinical entity with limited treatment options. Establishing a diagnosis of t-SCNC
has important therapeutic implications due to the increased resistance to conventional hormonal therapies.
Unfortunately, reliable diagnostic biomarkers are still lacking[11]. While metastatic biopsies provide
important information, they remain both technically challenging and subject to intra-patient
heterogeneity[14]. Although circulating tumor DNA-based biomarkers have the potential to provide a noninvasive patient-wide assessment of the tumor genome, their utility in this clinical scenario has been limited
by the significant genomic overlap between t-SCNC and mCRPC. More recently, advances in epigenetic
profiling of CRPC and the observation of stark differences in the DNA methylation landscape between the
two histologic subtypes have helped to develop novel epigenetic biomarkers. Bisulfite sequencing of cell-free
DNA has thus been shown to distinguish t-SCNC cases from mCRPC-adenocarcinoma[29].
Improved molecular characterization of t-SCNC has also highlighted a spectrum of neuroendocrine
differentiation across patient metastases (i.e., intra-patient heterogeneity)[14], underscoring the role of
continued AR-targeted therapy in patients with t-SCNC. Additionally, the gradient of t-SCNC
transcriptional expression observed across t-SCNC samples (i.e., intra-class heterogeneity)[14] suggests a
gradual and dynamic process of neuroendocrine differentiation[28]; therapeutic strategies targeting the
epigenetic mechanisms of lineage plasticity in t-SCNC may offer the potential of reversing neuroendocrine
differentiation and restoring AR-dependence. Finally, the development of t-SCNC transcriptional
signatures has identified a subset of mCRPC-adenocarcinoma patients with transcriptional features of tSCNC[14,21,41], and there is growing evidence to suggest that stemness and t-SCNC transcriptional profiles
may predict de novo resistance to ADT and AR-targeted therapies in PC lacking t-SCNC histology[31,74,75].
Although the optimal management of such patients has not been established, these findings support the
increasing use of molecularly defined inclusion criteria for clinical trials of t-SCNC directed therapies. In
the future, the diagnosis of t-SCNC may transition from a purely histology-based definition to a composite
of histologic and molecular features.
Beyond its role in the diagnosis of t-SCNC, improved molecular characterization of t-SCNC has also helped
identify novel therapeutic strategies in t-SCNC. These include both attempts to target increased cellular
proliferation and molecular pathways upregulated in t-SCNC, as well as efforts to reverse lineage plasticity
and restore AR-dependence. Aurora kinase A is a cell cycle kinase that stabilizes N-MYC and prevents NMYC protein degradation. Early observations of MYCN upregulation in t-SCNC spurred the development
of alisertib, an allosteric inhibitor of Aurora kinase A. Although a phase II trial of single-agent alisertib in
SCNC failed to meet its primary endpoint of six-month radiographic progression-free survival, exceptional
responses were observed in a subset of patients with N-MYC and Aurora A kinase overactivity[76]. Aurora
kinase inhibitors may thus still play a role in a molecularly selected subset of t-SCNC. Targeting DNA
damage response pathways in MYCN-upregulated tumors has also shown promising activity in pre-clinical
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PC models, reversing neuroendocrine differentiation and restoring sensitivity to AR-targeted
therapies[43,44,77]. A phase 2 study of maintenance olaparib following platinum-based chemotherapy in
aggressive variant prostate cancer is currently underway (NCT03263650). The small molecule inhibitor of
ONECUT2 CSRM617 has also shown encouraging pre-clinical activity in t-SCNC cell lines and PDX
models[54], and indirect targeting of ONECUT2 activity through the hypoxia-activated pro-drug TH-302 is
under current clinical investigation in a phase 1b/2 study of mCRPC (NCT00743379). Finally, several trials
of drugs targeting epigenetic pathways are underway: bromodomain inhibitors of epigenetic reader BET
proteins, such as ZEN-3694 (Zenith Epigenetics), have shown encouraging activity in aggressive variant PC
(i.e., with clinical features suggestive of t-SCNC)[78], while EZH2 inhibitors (e.g., tazemetostat, CPI-1205)
have generated promising pre-clinical and early clinical data[42,63,79,80]. CPI-1205 (Constellation
Pharmaceuticals) is under current investigation in combination with AR-targeted therapy in a phase 1b/2
trial of mCRPC patients (NCT03480646).

CONCLUSION
Phenotypic switch to t-SCNC is an increasingly recognized mechanism of resistance to AR-targeted
therapy. Improved molecular profiling has revealed a distinct t-SCNC transcriptional landscape
characterized by the upregulation of stem-cell-associated and neuronal programs, as well as decreased
canonical AR activity[3,11,14,31,32]. Nevertheless, despite stark differences in their transcriptional, histologic, and
clinical features, there is a surprising degree of genomic overlap between mCRPC-adenocarcinoma and tSCNC[3,11,14]. Furthermore, with a few notable exceptions (e.g., TP53, RB1, and AR), many gene expression
differences observed across the two histologic subtypes are not accounted for by underlying genomic
alterations. This finding supports a divergent model of evolution, whereby t-SCNC transdifferentiates from
a mCRPC-adenocarcinoma subclone. It also underscores the role of epigenetic mechanisms in driving
lineage plasticity and neuroendocrine differentiation. Thus, in addition to the observation of clear genomewide differences in the DNA methylation and histone modification landscapes across the two histologic
subtypes[3,47,57], several epigenetic regulators (e.g., EZH2, SRRM4) have recently emerged as key drivers of tSCNC[64,65]. Improved understanding of the molecular underpinnings of t-SCNC carries important
implications for the management of this aggressive mCRPC variant: transcriptional and epigenetic
signatures have already shown promising results in the diagnosis of t-SCNC and in the development of
non-invasive biomarkers. Therapeutic strategies targeting the unique genomic and epigenetic features of tSCNC are similarly underway, with encouraging pre-clinical and early clinical activity.
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