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Abstract

Neuroendocrine prostate cancer (NEPC) is a lethal subtype of prostate cancer. NEPC arises

de novo only rarely; the disease predominantly develops from adenocarcinoma in response

to drug-induced androgen receptor signalling inhibition, although the mechanisms behind this
transdifferentiation are a subject of debate. The survival of patients with NEPC is poor, and

few effective treatment options are available. To improve clinical outcomes, understanding of

the biology and molecular mechanisms regulating NEPC development is crucial. Various NEPC
molecular drivers make temporal contributions during NEPC development, and despite the limited
treatment options available, several novel targeted therapeutics are currently under research.

Prostate cancer has the second highest incidence of all malignancies in men worldwide?.

Of prostate cancers diagnosed, 90-95% are adenocarcinoma with a luminal phenotype
characterized by strong androgen receptor (AR) and PSA expression?. Prostate cancer
requires AR-mediated signalling for tumour growth; therefore, androgen deprivation therapy
(ADT) is the first-line treatment for advanced prostate cancer3#. However, prostate cancer
cells can eventually adapt to androgen deprivation and relapse by restoring AR signalling
even in a low androgen production environment, a status referred to as castration-resistant
prostate cancer (CRPC)®6. As most CRPCs remain AR-dependent®, potent AR pathway
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inhibitors (ARPIS), such as abiraterone, enzalutamide, apalutamide and darolutamide,
have been developed. These therapies have been demonstrated to improve survival over
placebo’-11 in patients with CRPC. However, AR-independent mechanisms in prostate
cancer enable the development of resistance to ARPIs and continued tumour growth12:13,
A subset of ARPI-resistant CRPC, commonly referred to as neuroendocrine prostate
cancer (NEPC)>14, is characterized by low or absent AR expression, independence of AR
signalling and gain of a neuroendocrine phenotype.

De novo NEPC is rare, accounting for less than 2% of all prostate cancers at the time

of diagnosis!®16: however, treatment-induced NEPC occurs in 10-17% of patients with
CRPC by evolving from adenocarcinoma in response to ADT and/or APRI treatment13.17.18,
Frequent biallelic deletion and/or mutation of the tumour suppressor genes 7P53, RB1

and PTEN are observed in de novo NEPC, similar to the alterations found in treatment-
induced NEPC®. De novo NEPC also closely resembles treatment-induced NEPC at an
RNA level®. However, whether de novo NEPC and treatment-induced NEPC are the same
disease, and whether they both derive from adenocarcinoma, even in the absence of AR
pathway inhibition, is unclear.

A variety of terms have been used to describe NEPC12:16.2021 '1n 2014, clinical and
molecular data from both de novo and treatment-emergent disease led the Prostate Cancer
Foundation to propose a revised pathological consensus for defining NEPC, covering a
wide spectrum of neuroendocrine differentiation in prostate cancer ranging from mixed
adenocarcinomas with neuroendocrine features to pure small-cell NEPCZ0, Histologically,
this classification includes: prostate adenocarcinoma with neuroendocrine differentiation,
adenocarcinoma with Paneth cell neuroendocrine differentiation, carcinoid tumour, small-
cell carcinoma, large-cell neuroendocrine carcinoma and mixed neuroendocrine carcinoma
and acinar adenocarcinoma. Immunohistochemically, NEPC cancer cells are characterized
by the expression of neuroendocrine markers such as synaptophysin (SYP), neural cell
adhesion molecule 1 (CD56), and chromogranin A (CHGA) and the absence of AR and
PSA secretion?223, The poorly differentiated small-cell carcinoma is the most aggressive
subtype of NEPC with a similar histology, disease progression and treatment response to
small-cell lung cancer (SCLC) and other small-cell carcinomas2°:22, Small-cell carcinoma of
the prostate has the poorest outcome, with a median survival of less than 1 yearl4:24,

Clinically, the definition of NEPC overlaps with anaplastic prostate carcinoma and
aggressive variant prostate cancer (AVPC)12.16.21 CRPC that fulfils at least one of seven
defined clinical features (such as extensive visceral metastases, presence of neuroendocrine
markers on histology or in serum and short duration of response to ADT) is considered
anaplastic prostate carcinoma?L. AVPC includes both anaplastic prostate cancer and NEPC,
and represents a broader range of AR-independent CRPCs than the term NEPC12. Another
subtype of AR-independent CRPC is double-negative prostate cancer (DNPC). Similar to
NEPC, DNPC is characterized as having low or absent AR expression and growth is
independent of AR signalling, but these tumours lack the expression of neuroendocrine
makers13. Li neage pl asti city is considered to be associated with loss of AR signalling
dependence and the acquisition of alternative lineage programmes in both DNPC and
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NEPC?25. However, whether NEPC and DNPC share the same developmental mechanisms,
and whether DNPC is a precursor of NEPC, is unclear.

The molecular pathways that regulate NEPC development are unclear, although a number
of genomic, epigenetic and transcriptional alterations are reported to be involved in this
process. However, the timing, interconnection and feedback mechanisms of these drivers of
NEPC development, together with their relationships with other oncogenic pathways and
suppression of AR expression, remain to be fully elucidated?®. The lack of serial sampling
during the development of NEPC in patients owing to the difficulty in predicting which
patients will develop NEPC, and problems obtaining serial biopsy samples at multiple

time points between initiation of ADT and the diagnosis of relapsed NEPC, as well as a
lack of patient-derived preclinical models that recapitulate disease progression, limits the
volume of data available to address how NEPC develops2®. Thus, in 2019, a National
Cancer Institute workshop focusing on AR-independent prostate cancer, the ‘establishment
of preclinical models that recapitulate biology of the disease and the recognized phenotypes’
and ‘determining the temporal contribution and cooperation of emerging drivers’ were
highlighted as the two major areas that need to be addressed in the AR-independent prostate
cancer field2®,

In this Review, we summarize the hypotheses of the origin of NEPC in the context of the
reported major molecular alterations; mainly focusing on pure small-cell NEPC according
to the Prostate Cancer Foundation classification. We discuss the current knowledge of the
cell origin of NEPC, reported molecular alterations in NEPC, longitudinal changes in these
molecular alterations and their potential temporal contributions to NEPC development, and
highlight therapeutics for NEPC that are available or undergoing preclinical development.
Finally, we discuss the major questions that can be addressed by longitudinal studies of
NEPC development and their potential contribution to improving future patient care.

The origin of NEPC

The origin of NEPC is a controversial topic that has been debated over the past few
decades. Two prevailing hypotheses are under investigation (FIG. 1): the neuroendocrine
cells hypothesis and the lineage plasticity hypothesis.

The neuroendocrine cells hypothesis

Neuroendocrine cells are normally scattered among the more abundant basal and luminal
epithelial cells in benign prostate tissue, representing a minor cell population comprising
1% of the entire epithelial cell population8. These cells produce and secrete potent neuro-
hormones such as neural growth factor, bombesin (otherwise known as gastrin-releasing
peptide), serotonin, calcitonin and parathyroid hormone-related peptide, which regulate

the growth and homeostasis of the adjacent epithelial cells via paracrine signalling?”:28.
Neuroendocrine cells and NEPC cells share some common features, including the
expression of neuroendocrine markers, such as CHGA, SYP and gamma-enolase (ENO2).
Normal prostatic neuroendocrine cells have been proposed as the origin of non-proliferative
neuroendocrine cells in prostate adenocarcinoma?2:30,
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Studies in a genetically engineered mouse model have suggested the transformation of
normal prostatic neuroendocrine cells as the origin of NEPC3L. In this model, the mouse
cryptdin-2 (Cr2) gene promoter was used to induce expression of the si ni an virus 40
T anti gen (SV40 T-Ag) in a subset of neuroendocrine cells in the prostate lobes. At 8
weeks of age, the proliferative SV40 T-Ag-positive cells observed in this model invariably
expressed two neuroendocrine markers, SYP and CHGA. As animals aged, NEPC developed
and metastasized to regional lymph nodes. The NEPC tumour co-expressed SV40 T-Ag
and neuroendocrine markers and was resistant to host castration3. This model indicates
that the prostatic neuroendocrine cell population can undergo malignant transformation.
Although this model could indicate the possibility of a neuroendocrine cell origin of de
novo NEPC, more evidence is in favour of the transdifferentiation of NEPC directly from
adenocarcinoma cells32,

The lineage plasticity hypothesis

De novo NEPC is rare, but NEPC can be observed in 10-17% of patients with prostate
adenocarcinoma who have been treated with hormonal therapies317:18, A growing body
of evidence supports the hypothesis that prostatic adenocarcinoma cells can lose their
adenocarcinoma features and gain a neuroendocrine phenotype during long-term ADT,
indicating a process driven by cellular lineage plasticity.

Evidence of transdifferentiation from human prostate cancer studies.—This
model is supported by genomic analyses of human prostate biopsy and surgically

excised samples?3:33-35_ For example, the frequency of gene fusions between £RG and
TMPRSS2in NEPC is around 50%, which is similar to the frequency observed in

prostatic adenocarcinomas, but not in normal neuroendocrine cells3%:37. Moreover, in
adenocarcinoma and NEPC mixed tumours, a concordance of TMPRSS2-ERG fusion?3 and
other genomic alterations such as RB1 loss and 7753 loss or mutation38-3° were observed in
adenocarcinoma and adjacent neuroendocrine foci. Al | el i ¢ i nbal ance analyses of eight
radical prostatectomy specimens also showed that NEPC cells share identical allelic profiles
with adenocarcinoma cells but not with non-cancerous neuroendocrine cells*C. Furthermore,
temporal allele-specific analyses of serial biopsy tissue samples taken from a patient with
prostatic adenocarcinoma during the course of disease progression on abiraterone treatment
demonstrated that the genoni ¢ prof i | es were similar between the same patient’s CRPC
and NEPC, suggesting di ver gent cl onal evol uti on of adenocarcinoma towards either
an AR-driven or an AR-independent state during ARPI treatment?1.

A single-cell RNA sequencing study of clinical CRPC biopsy samples with small-cell
carcinoma morphology showed that the neuroendocrine cells in cancer tissues exhibited a
luminal epithelial phenotype rather than a basal phenotype®2. In two tumours that contain
both neuroendocrine cells and non-neuroendocrine epithelial cells, intra-tumoural RNA
velocity analysis suggested that the neuroendocrine cells arose from adenocarcinoma cells.
Inferred copy number variation analysis on the basis of the average expression of 101 genes
showed that the neuroendocrine cells and luminal cells in the same patient’s cancer tissues
shared a similar copy number variation pattern, indicating a common clonal origin of NEPC
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and adenocarcinoma®2. These findings further support the hypothesis that NEPC originates
from an adenocarcinoma precursor.

Evidence of transdifferentiation from cell models.—Observations in preclinical
models also support the transdifferentiation of NEPC from adenocarcinoma. LNCaP, an
AR*, PSA* androgen-sensitive human prostate adenocarcinoma cell line*3, is widely used
for studies of neuroendocrine phenotype induction. The expression of neuroendocrine
markers such as CHGA and SYP can be induced in LNCaP cells by treatment with cyclic
AMP, interleukins, various growth factors, or ADT13:35-46_|n an in vivo study, increased
numbers of neuroendocrine marker-positive cells were observed to be scattered within
LNCaP xenografts implanted into castrated mice compared with the xenografts in intact
male mice?4. However, these neuroendocrine marker-positive cells were non-proliferative;
thus, this model cannot fully represent the aggressiveness of human NEPC. To overcome
this limitation, two cell models, 42DENZR and 42FENZR \vere developed from LNCaP
xenograft tumours that relapsed after treatment with enzalutamide. Both models exhibit
downregulation of AR signalling, upregulation of neuroendocrine marker expression, and
increased proliferative abilities*®. These LNCaP and LNCaP-derived cell models partially
demonstrate that adenocarcinoma cells could undergo neuroendocrine transdifferentiation
in response to androgen ablation. However, the cells do not recapitulate the full features
of terminal NEPC in patients, such as complete loss of AR signalling and the highly
proliferative phenotype®4.

Evidence of transdifferentiation from genetically modified mouse models.—
In the transgenic adenocarcinoma of the mouse prostate (TRAMP) model, SV40-T-Ag
expression is driven by the rat pr obasi n pr onot er specifically in the mouse prostate and
spontaneously induces neoplastic epithelial transformation6-48,

By the age of 12 weeks, most TRAMP mice develop prostate adenocarcinomas. The
tumours show variable responses to host castration, with approximately 80% of mice

who are castrated at 12 weeks of age developing poorly differentiated carcinomas with
neuroendocrine features by 24 weeks of age*’49. The NEPC cells found in this model have
variable to no AR expression and all express the neuroendocrine marker SYP with a high
proliferative index as determined by Ki67 (REF.49), recapitulating the features observed

in human NEPC. The absence of SYP + NEPC cells in early disease suggests that the
emergence of the neuroendocrine features is a late event during disease development*®,
Thus, the model indicates an adenocarcinoma to neuroendocrine transdifferentiation event
related to prostate cancer progression, although the theory that NEPC originates from
bipotential stem cells that are capable of expressing both epithelial (E-cadherin) and
neuroendocrine (SYP) markers, rather than directly from epithelial cells, is also possible®C.
However, all prostate cancers of TRAMP mice will progress to NEPC even without host
castration??, and, therefore, the model might not mimic the treatment-induced NEPC
development seen in patients.

Probasin promoter-driven Ptenand Rb1 double knockout (DKO) in luminal epithelial
cells of PBCre4: Pten”f:Rb17f mice induce prostate adenocarcinoma with heterogeneous
expression of AR. Surgical castration of these mice extended survival from 38 to 48
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weeks compared with intact mice, suggesting that the prostate adenocarcinoma induced

in this model is ADT sensitive®L. Further development of Pten, Rb1and Trp53triple-
knockout (TKO) mice (PBCre4: Pten” :Rb17"- Trp537 showed an aggressive phenotype
with metastases in lung, liver and bone®L. This TKO tumour is ADT resistant, and

exhibits histopathological and molecular features of NEPC, including patchy expression

of the neuroendocrine marker SYP and decreased AR signalling compared with the DKO
tumour®L. These findings suggest that the genetic alterations can enhance luminal cell
lineage plasticity and spontaneously induce NEPC development from prostate luminal cells
in vivo, albeit in the absence of ADT®1,

In another mouse model, Prenand 7rp53are deleted in NVkx3. 1+ prostate luminal cells to
generate NPp53 (NVkx3.1CreERT2/*: prapf/fl. Trn53MH mice®2. Following castration, NPp53
mice developed CRPC that retained features of adenocarcinoma. NPp53 CRPC did not
respond to treatment with abiraterone (an inhibitor of cytochrome P450). Tumours in a
subset of these mice showed accelerated growth and displayed histological and molecular
features of NEPC, such as a small-cell phenotype, increased expression of SYP and reduced
expression of AR compared with regions of adenocarcinoma in the vehicle-treated mice>2.
In exceptional non-responding tumours, SYP*/AR™ NEPC cells comprised the bulk of
tumour cells in some regions and were highly proliferative, as indicated by Ki67 staining®2.
Furthermore, lineage tracing in NPp53 mice was performed with a R26R-yellow fluorescent
protein (YFP) reporter allele expressed in luminal epithelial cells of the adult prostate. Co-
expression of YFP in neuroendocrine marker-positive tumour cells that arose after castration
strongly supports that these NEPC cells originate from the luminal adenocarcinoma cells®2,

Evidence of transdifferentiation from patient-derived xenograft models.—The
findings of studies using the LTL331/LTL331R patient-derived xenograft (PDX) model
strongly support the lineage plasticity hypothesis®3. LTL331 is a tissue line derived

from a prostatectomy sample of ADT-naive prostate adenocarcinoma. Tumour cells in
LTL331 express AR and PSA and have a typical adenocarcinoma transcriptomic profile>3,
The PDX model responds initially to host castration with a dramatic reduction in both
tumour volume and PSA levels. However, castration-resistant relapsed tumour growth
(LTL331R) is reproducibly observed several months post-castration3. Tumour cells in
LTL331R lack AR and PSA expression and uniformly express a range of neuroendocrine
markers, including SYP, CHGA, chromogranin B and CD56. The transcriptomic profile

of LTL331R tumour cells is very similar to that of NEPC cells from patients, with

an increased neuroendocrine score#6:5455, Additionally, LTL331R retains its highly
proliferative, neuroendocrine phenotype and androgen-independent growth when regrafted
into intact, testosterone-supplemented, or castrated hosts, suggesting that LTL331R arises as
a result of a stable and irreversible lineage transition®3.

LTL331 and LTL331R have differentt ranscri pt oni c profi | es but extremely similar
genomic profiles®3. Moreover, histopathological studies and single-cell sequencing analyses
have found no evidence of pre-existing neuroendocrine cells in the original LTL331 PDX
tumour (Yuzhuo W. unpublished data). These data indicate that ADT induces an adaptive
response in adenocarcinoma cells, leading to neuroendocrine lineage transition, rather than
clonal selection of an existing population of NEPC cells.

Nat Rev Urol. Author manuscript; available in PMC 2024 January 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Molecular

Page 7

Overall, findings from preclinical models and clinical patients’ samples provide

strong evidence that NEPC arises by transdifferentiation of prostatic adenocarcinoma.
However, divergent clonal evolution could also be involved in NEPC development from
adenocarcinoma under the selective pressure of AR inhibitors*L. Clonal evolution and

cell lineage plasticity are not necessarily mutually exclusive as both mechanisms could
contribute to NEPC development#L. The detailed roles of clonal evolution and cell lineage
reprogramming during disease progression remain to be explored.

mechanisms underlying NEPC

Over the past decade, numerous studies have unveiled the molecular mechanisms underlying
NEPC development. These mechanisms include genomic, epigenetic, transcriptional and
other molecular pathways.

Genomic alterations

Several genomic alterations are enriched in NEPC. Whole-exome sequencing of surgically
excised and biopsy specimens of metastatic prostate cancer identified enrichment of
co-occurring RB1 loss and TP53 mutation or deletion in NEPC compared with
adenocarcinomal®41.56_ |nactivation of RbZand 77p53in mouse prostate luminal epithelium
drives the development of a highly metastatic, ADT-resistant prostate carcinoma with
neuroendocrine differentiation in vivo®’. R depletion also facilitates lineage plasticity
and metastasis of prostate adenocarcinoma in Pten-null mice, with additional 7rp53loss
driving ADT resistance®L. Furthermore, the functional loss of #BZ and 7P53in LNCaP-AR
cells (a strain engineered to have increased expression of AR®8) drives prostate cancer
progression via lineage plasticity with the gain of prostate basal cell and neuroendocrine
features and AR-i ndi f f erent st at us®9. However, combined deletion of RBZ and 7P53
in the parental LNCaP cell line triggered resistance to ADT and enzalutamide treatment,
but did not induce cell lineage alterations®?, suggesting that neuroendocrine differentiation
is not an obligatory consequence of inactivating 7P53and RBI and that different molecular
contexts might lead to different results. N-Myc proto-oncogene protein (N-myc) (encoded
by the MYCN gene) is a neural development-related transcription factor that binds directly
to the promoters of NSE, SYPand AR genes in MYCN-overexpressing LNCaP cells23,
MYCN overexpression together with AKT1 activation drives the transformation of prostate
basal epithelial cells to adenocarcinoma and NEPC®4. In addition, overexpression of Mycn
in a Pten*’~ mouse model of prostate cancer was demonstrated to drive the development of
aggressive prostate carcinomas with a variety of morphologies, including adenocarcinoma,
poorly differentiated carcinoma with divergent differentiations, and NEPC62, These studies
establish causal relationships between MY CN and neuroendocrine differentiation. Aurora
kinase A (encoded by AURKA,) is involved in mitosis, asymmetric division, cilia dynamics
of normal cells and can also promote cancer development52. Aurora kinase A can bind

to and stabilize n-myc, and this interaction can be disrupted by the Aurora kinase A
inhibitor alisertib®3.64. The precise function and mechanism of AURKA itself in driving
neuroendocrine differentiation remains elusive. In a clinical cohort including 169 patients
with primary adenocarcinoma and 37 patients with NEPC, immunohistochemistry (IHC)
staining showed an increase in aurora kinase A expression in 12% of adenocarcinoma
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specimens and 76% of NEPC specimens23. RNA sequencing also demonstrated that
overexpression and gene amplification of both MYCNand AURKA occurs in 40% of NEPC
samples compared with only 5% of adenocarcinomas23. In more than 90% of AURKA

and MYCN amplification cases, amplification of AURKA or MYCN was concurrent23,
Functionally, overexpression of either AURKA or MYCN in a benign human prostate cell
line (RWPE-1) induced expression of the neuroendocrine markers NSE and SYP23. In vivo,
human NEPC H660 cell xenograft and PDX models are sensitive to the pan aurora kinase
inhibitor, PHA-739358. By contrast, no sensitivity to PHA-739358 was demonstrated in
adenocarcinoma LNCaP xenografts?3. These findings suggest that AURKA and MYCN
might be involved in neuroendocrine differentiation and NEPC development.

The increased frequency of loss of £B1, 7P53 mutation or deletion, and MYCN
amplification in NEPC and functional studies support their roles in NEPC development.
Apart from these alterations, few recurrent genomic alterations have been reported to
be enriched in NEPC compared with adenocarcinoma, suggesting that non-genomic
dysregulation could be involved in neuroendocrine transdifferentiation.

Epigenetic regulators

Neuroendocrine transdifferentiation is a dynamic process that arises as a result of androgen
deprivation. However, the distinct cell lineage phenotype and transcriptome landscape
change between NEPC and adenocarcinoma cannot be entirely explained by the limited
recurrent genomic alterations. Epigenetic mechanisms can regulate tissue-specific gene
expression patterns and, in turn, establish and maintain cell identity by chromatin
modification and chromatin remodelling®®. Thus, a mechanism that is not genetic but rather
epigenetic is also considered to drive NEPC development. A number of epigenetic regulators
have been reported to be key drivers of NEPC.

Polycomb group proteins.—Polycomb group (PcG) proteins are important epigenetic
regulators that influence cell growth and differentiation in a wide range of cancer types®6:67,
PcG proteins contain two core complexes: polycomb repressive complexes 1 and 2 (PRC1
and PRC2)88. Upregulation of multiple PcG genes such as enhancer of zeste homologue 2
(EZH2) and CBXZis a common feature of NEPC compared with adenocarcinoma across
multiple cell lines, mouse models and clinical samples23:61.69,

EZHZis the most frequently studied of the PcG genes. This gene encodes a catalytic subunit
of PRC2 that tri-methylates histone H3 at Lysine 27 (H3K27me3) using its C-terminal SET
(Su(var)3-9, enhancer-of-zeste and trithorax) domain to promote transcriptional silencing®.
Increased expression of £ZH2was first reported in clinical NEPC samples compared

with adenocarcinoma?? and has been further validated in NEPC mouse models®1:59,

PDX models and clinical cohorts?6:36.:49.53.65.69 Additionally, in preclinical cell-line and
genetically engineered mouse models of NEPC, inhibiting EZH2 can reverse neuroendocrine
transdifferentiation by restoring AR expression and regaining sensitivity to enzalutamide
treatment®1:61.71 The precise mechanisms underlying EZH2-regulated neuroendocrine
differentiation remain unclear. However, studies in N-myc-driven NEPC mouse models have
demonstrated that EZH2 directly interacts with N-myc to inhibit the AR signalling axis and
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drive NEPC development81. How other PcG genes function and cooperate in NEPC is not
yet known.

Heterochromatin protein 1a.—Heterochromatin protein 1a (HP1la, encoded by CBX5)
recognizes and binds to histone H3 tails that are dimethylated or trimethylated at

Lysine 9 (H3K9me2 and H3K9me3)’2. HP1a is prominently associated with constitutive
heterochromatin and mediates concomitant gene silencing’3. A longitudinal analysis of the
LTL331/LTL331R PDX model showed that HP1a expression is increased within weeks
following castration and is stably maintained in terminal NEPC. This trend in HP1a gene
expression is different from those of other known NEPC driver genes (for example, EZH2),
which are only upregulated in terminal NEPC®®. The upregulation of HP1a. RNA and
protein expression has also been verified in clinical NEPC samples, although no apparent
increase in HP1a expression has been demonstrated in adenocarcinoma compared with
benign human prostate tissue®.

Depletion of HP1a inhibits proliferation and induces apoptosis in NEPC cells in vitro and
in vivo®®, Moreover, ectopic expression of HP1a promotes neuroendocrine differentiation
in adenocarcinoma cells subjected to ADT>°. Mechanistically, HP1a enriches H3K9me3 at
the promoters of AR and REST genes, thereby repressing their expression®. These data
indicate that HP1a is an early driver of NEPC and a novel therapeutic target. Functional
studies using in vivo models and a deeper understanding of the underlying molecular
mechanisms will pave the way for the development of drugs that target HP1a.. Upregulation
of other heterochromatin-related genes has also been observed in NEPC models and
clinical samples®®. The contributions of these genes and their interactions during NEPC
development require further investigation.

Protein DEK.—Protein DEK (DEK) is a DNA topology modulator’# that interacts

with other epigenetic modulators to recruit histones, histone modulators and chromatin
remodelling factors to DNA7>76, Elevated DEK expression is observed in NEPC PDX
models and clinical samples. Upregulation of DEK mRNA and protein expression is more
commonly observed in NEPC than in human benign prostate tissues and adenocarcinomas’’.
Increased DEK expression is an independent prognostic factor that was inversely associated
with disease-free survival in 163 hormone therapy-naive patients with prostate cancer.
Elevated DEK expression has a relative risk of 6.91 for relapse-free survival (95% CI 1.33—
35.96, £=0.022)7. Depletion of DEK inhibits the proliferation and motility of the PC-3
prostate cancer cell line’’. Although these data indicate that DEK plays a role in NEPC, its
function in chromatin remodelling and interaction with other epigenetic regulators during
NEPC development are still largely unknown.

SWitch/Sucrose Non-Fermentable complex.—The SWitch/Sucrose Non-
Fermentable (SWI/SNF) complex is a multi-subunit chromatin-remodelling complex

that uses energy from ATP hydrolysis to alter the composition of nucleosomes’8.

The complex regulates gene expression by enabling DNA binding proteins and the
transcriptional machinery to access DNA’®. Exome and genome-wide sequencing studies
have demonstrated that more than 20% of human cancers bear genomic alterations to at
least one SWI/SNF subunit gene8?, suggesting a tumour suppressor function. However,

Nat Rev Urol. Author manuscript; available in PMC 2024 January 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wang et al.

Page 10

increasing evidence from various cell lines and animal models supports a tumour-promoting
function of SWI/SNF in some types of tumours, such as synovial sarcoma, leukaemia and
neuroblastoma®1-84,

The deregulation of SWI/SNF subunits has been demonstrated in NEPC by using large
patient datasets, patient-derived organoids and cancer cell lines®®. SMARCA4 (also known
as BRG1), a SWI/SNF subunit, was significantly upregulated in clinical NEPC samples
compared with adenocarcinoma CRPC at both the mRNA and protein levels (P= 0.015)85.
In a cohort of 203 patients with localized ADT treatment-naive prostate cancer, high
SMARCAA4 protein expression was associated with a significantly shorter overall survival
(hazard ratio (HR) = 2.17, 95% CI 1.07-4.42, P=0.028) than in patients with low
SMARCAA4 expression. Furthermore, knockdown of SMARCA4 reduced proliferation of
LNCaP cells and the LNCaP-derived androgen-independent cell line C4-2 (REF.85). These
data suggest that SMARCA4 overexpression is associated with aggressive prostate cancer.
In addition, immunoprecipitation followed by mass spectrometry in human NEPC H660
and adenocarcinoma LNCaP-AR cell lines showed that the SWI/SNF complex subunit
SMARCCI (BAF155) immunoprecipitated with different lineage-specific factors in NEPC
compared with prostate adenocarcinoma8. These data suggest that SWI/SNF interact with
distinct partners in NEPC and prostatic adenocarcinoma and have a role in facilitating
lineage transition during NEPC development.

Long non-coding RNAs.—In addition to protein-coding genes, some non-coding RNAs
have emerged as crucial epigenetic players in multiple facets of human pathophysiology?®®.
Long non-coding RNAs (IncRNAs) are transcripts longer than 200 bp that fold into 3D
structures that perform a variety of cellular functions including the regulation of gene
expression and translation, and are involved in the initiation and progression of various
cancers including prostate cancer86:87,

Aberrant expression of several INCRNAS has been correlated with prostate cancer
progression88. Analysis of InNcRNA profiles of the LTL331/LTL331R model identified
821 IncRNAs that were expressed in NEPC. Moreover, a 122-IncRNA signature can
distinguish patients’” NEPC from prostate adenocarcinoma in a robust manner8?. The
IncRNA myocardial infarction associated transcript (MIAT) is specifically upregulated in
the LTL331R NEPC PDX tumour, and its expression is restricted to the nucleus of NEPC
cells®. MIAT expression correlates positively with CBXZ2 expression and negatively with
RB1 expression,

The IncRNA HOX transcript antisense RNA (HOTAIR) is another important driver of
progression from androgen-sensitive prostate cancer to CRPC9L. A 2018 study reported

that upregulation of HOTAIR induces the expression of neuroendocrine marker tubulin

I11'in LNCaP cells and identified HOTAIR as a new target suppressed by RE1-silencing
transcription factor (REST), a master repressor of neuron-specific genes in CWR22Rv1
cells¥2. However, a comparison between NEPC and CRPC adenocarcinoma samples in PDX
models and a clinical dataset (ChioPortal, ‘Trento-Cornell-Broad 2016°) showed that no
significant difference in HOTAIR expression was observed, although REST was consistently
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downregulated in NEPC92. Thus, the function and regulation of HOTAIR needs to be studied
further.

The IncRNA p21 is also reported to be highly expressed in NEPC. Enzalutamide treatment
could increase the expression of p21 and induce neuroendocrine differentiation at least, in
part, via altering AR binding to different androgen response elements, which switches EZH2
function from histone methyltransferase to non-histone%3.

Collectively, the genomic, transcriptomic and functional findings support that epigenetic
reprogramming drives the emergence and maintenance of NEPC. These findings provide a
foundation for targeting epigenetic mechanisms to delay or reverse NEPC development.

Transcription factors

The right combination of transcription factors has been demonstrated to induce cell
plasticity and reprogramme terminally differentiated cells into pluripotent stem cells4:95,
The process of cell lineage specification is also governed by the interaction of different
transcription factors®6:97. In NEPC, de-regulation of transcription factors that enhance or
repress neuroendocrine lineage phenotype has been reported.

Paternally expressed 10.—Paternally expressed 10 (PEG10) is a placental gene that

is normally repressed by AR signalling in prostatic adenocarcinoma®. Upon treatment
with ARPI, expression of PEG10is de-repressed and becomes regulated by the AR and
transcription factor E2F-RB1 pathways distinctively at the early and late stages of NEPC
development?8. PEGI0expression is substantially elevated in biopsy and surgically excised
metastatic human NEPC and PDX models compared with adenocarcinoma®.

PEG10 protein promotes cell-cycle progression and also promotes cell invasion via a
downstream signalling cascade involving Snail and transforming growth factor-g (TGF-B) in
PC-3 cells that lack 7P53 expression?8, These findings highlight PEG10 as a downstream
functional effector of RBZ and/or 7P53loss in NEPC. RB1 and/or 7P5310ss is a common
feature of NEPC and is not readily targetable; thus, targeting PEG10 and other similar
downstream effectors could provide a potential alternative therapeutic strategy for NEPC
treatment®®. The precise function and mechanisms of PEG10 involvement in neuroendocrine
lineage transition remains to be explored.

RE1-silencing transcription factor—Downregulation of REST is another important
molecular feature of NEPC100.101 REST was initially identified as a master repressor of
neuron-specific genes in mouse neuronal progenitor and non-neuronal cells92, By recruiting
co-repressors (for example, REST corepressor and histone deacetylases) to the RE1 sitel03,
REST suppresses neuronal gene expression and, therefore, prevents neural differentiation of
non-neuronal cells. Expression of REST is extremely low in neuronal cells and stem cells,
but is otherwise universally expressed in non-neuronal tissues. Notably, REST is highly
expressed in prostate adenocarcinoma but is substantially downregulated in NEPC100.104,

Deletion of REST in prostate adenocarcinoma cell lines can induce the expression of
neuroendocrine markers100.101 |n addition, REST can suppress the expression of cell-cycle-
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related genes such as AURKA32101 Treatment with an ARPI induces the upregulation

of serine/arginine repetitive matrix protein 4 (SRRM4) (an RNA splicer), which in turn
alternatively splices REST into a loss-of-function REST4 isoform lacking a transcriptional
repressor domain87-89-91 However, the mechanisms leading to the silenced expression of
REST in NEPC have not been identified.

Transcription factor SOX2.—SOXZis a key embryonic stem cell gene encoding
sex-determining region Y-box 2, a transcription factor that has important roles in

inducing and maintaining pluripotency as well as in balancing neuronal progenitor cell
proliferation and differentiation10®, This transcription factor can be involved in prostate
cancer progression owing to loss of AR-mediated repression during ADT9, In NEPC,
upregulation of SOXZis observed in mouse models and clinical patient samples compared
with adenocarcinoma?®®51.197  RB7 and/or 7P53 functional loss induces the expression of
SOX2in LNCaP-AR cells, but enzalutamide treatment does not affect the expression of
S0X2 (REF.59). SOX2 overexpression or knockdown of RB1 and/or 7P53in LNCaP-AR
cells increased the expression of certain basal cell markers (CK5, CK14 and TP63) and
neuroendocrine markers (SYP, CHGA and NSE) compared with control LNCaP-AR cells,
and increased resistance to enzalutamide®®. However, in parental LNCaP cells, expression
of SOXZ or other neuroendocrine markers was not induced when RBI and/or TP53were
knocked down in parental LNCaP cells®0, suggesting that different molecular contexts could
lead to different results. The specific mechanism of regulation between RBI1, 7P53and
SOX2in the context of NEPC is not well defined, although the mechanism in fibroblasts
could serve as a reference. In fibroblasts, TP53 regulates the miR-34 family of microRNA
precursors, which mediate the degradation of SOX2mRNA8, RB1 can interact with E2F
in fibroblasts and be recruited to the promoter region of SOXZ, giving it a repressive
mark199, This mechanism suggests a link between RBZ genetic alterations and the activation
of SOX2-dependent pathways.

Brain-specific homeobox/POU domain protein 2.—Brain-specific homeobox/POU
domain protein 2 (BRNZ2) is known to promote neuronal differentiation and is encoded

by the POU3F2 genell0. BRN2 was identified as a key driver of NEPC development

by comparing the transcriptomic profiles of the LNCaP-derived PSA cell lines 42DENZR
and 42FENZR with that of the AR-driven 16DCRPC cell line. BRN2 is highly expressed

in 42DENZR and 42Fen2" compared with 16DCRPC45, The increased expression of BRN2
was also observed in NEPC PDX LTL331R compared with parental adenocarcinoma PDX
LTL331. Clinical NEPC samples also showed upregulated BRN2 (mRNA and protein)
expression compared with CRPC adenocarcinoma samples2>49:99, Deletion or stable
knockdown of BRN2 in 16DCRPC cells prevented enzalutamide-induced upregulation of
NEPC markers, suggesting its role in the regulation of the neuroendocrine phenotype. In
addition, gain and loss of function of BRN2 studied in multiple cell lines showed that its
function in neuroendocrine transdifferentiation is, at least in part, caused by BRN2-mediated
regulation of SOX2expression. Furthermore, BRN2 expression and reporter activity were
directly repressed by the AR in adenocarcinoma cell lines, whereas knockdown of BRN2
induces a marked reduction of NE markers in NEPC cells, which links BRN2 to ARPI
treatment-induced NEPC development#°. Whether BRN2 is universally upregulated in
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patients receiving ARPIs, and why only a portion of these patients develop NEPC, is still
unclear.

Forkhead box family.—Forkhead box Al (FOXAJ) is the founding member of the
FOXA gene family. FOXA1 binds to highly condensed (or closed) chromatin via a domain
similar to that of linker histones11:112 and its C-terminal domain renders these closed
genomic regions more accessible to other transcription factors such as the oestrogen
receptor, the progesterone receptor and the AR13-115 FOXA1 has an important role in

the development and differentiation of prostate epithelial cells16 and its expression is
downregulated in NEPC. FOXAI knockdown can induce morphological changes in LNCaP
cells, conferring neuroendocrine cell phenotypes such as multiple neurite extensions and
expression of the neuroendocrine marker ENO2 (REF.117). However, ~11% of patients with
primary or metastatic prostate adenocarcinoma show FOXAI mutations. Mutations in two
hotspots in the forkhead domain, Wing2 and R219, account for more than 50% of all
mutations!18, R219 mutations block luminal differentiation and activate the neuroendocrine
transcriptional programme in mouse prostate organoids, indicating the involvement of
FOXAL in lineage plasticity18. Increased expression of another member of the FOXA gene
family, FOXAZ, has also been observed in NEPC cell lines, PDXs and clinical small-cell
neuroendocrine carcinoma tissues!9. The function of FOXAZ2 in the underlying mechanisms
driving NEPC is unknown.

One cut domain family member 2.—One cut domain family member 2 (ONECUT2;
encoded by ONECUT?) is a transcription factor involved in the control of cell differentiation
in endoderm-derived tissues and in nervous system development120-124. ONECUT?2 has
been identified as a candidate master regulator of lethal metastatic CRPC and NEPC by
bioinformatic analysis of clinical prostate cancer transcriptome datasets25126, ONECUT2
expression is substantially higher in clinical NEPC samples than in benign prostate, primary
adenocarcinoma and adenocarcinoma CRPC (Spearman’s rank correlation coefficient 0.54,
P=7.96e-35)126. As REST represses the promotor of ONECUTZ, loss of function of REST
in NEPC leads to gradual de-repression of this gene25. ONECUT? inhibits the expression
of FOXA1 and activates PEG10, contributing to the emergence of neuroendocrine
phenotypes and the proliferation of NEPC125, Treatment with CSRM617, an inhibitor of
ONECUT?2, inhibits cell proliferation and expression of PEG10in 22Rv1 xenograft tumours
(derived from a prostate cancer cell line with moderate expression of ONECUT2)125,
However, the effect of CSRM617 on NEPC has not yet been evaluated.

ONECUT?2 can also specifically activate mothers against decapentaplegic homologue

3 (SMAD3), which regulates hypoxia signalling and hypoxia-inducible factor 1la

chromatin binding?28. Hypoxia correlates with prostate cancer progression and induction of
neuroendocrine differentiation127:128: thus, targeting ONECUT2-dependent tumour hypoxia
signalling might be an effective therapeutic strategy. Consistent with this hypothesis, a
hypoxia-activated prodrug, TH-302, inhibited the tumour growth of PC-3 xenograft and
NEPC PDX models26. Preclinical studies of CSRM617 and TH-302 in a wider range

of NEPC and pan-neuroendocrine cancer settings could potentially set the precedent for
early-phase clinical trials of these agents.
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Other regulators

In addition to the genomic alterations, epigenetic regulators and transcription factors, some
genes directly or indirectly involved in cell lineage plasticity, tumour proliferation and
invasion have also been reported in NEPC.

Serine/arginine repetitive matrix protein 4.—Serine/arginine repetitive matrix protein
4 (encoded by SRRM4) is an RNA splicing factor involved in alternative splicing events!2°,
This protein regulates neuronal cell differentiation by promoting neural-specific gene exon
inclusion129. SRRMA4 is highly upregulated in 50% of NEPC clinical samples but in only 3%
of prostatic adenocarcinoma?3:100.104.130 SRRM4 has been suggested as a driver of NEPC
progressiont31,

Combined with ARPI treatment, overexpression of SRRM4 alone induces the expression of
neuroendocrine markers in a range of cell lines, including prostate adenocarcinoma, prostate
stromal and uterine smooth muscle. Loss of #BZ and/or 7P53 function can exacerbate this
effect in LNCaP cells3L. The mechanism of SMMR4-induced neuroendocrine phenotype
partially involves an increase in SRRM4-targeted splice variants, especially the generation
of inactive REST4 isoform of a mater neural repressor REST and de-repression of
downstream neuroendocrine marker genes!3L, Similarly, chromatin modification-related
protein MYST/Esal-associated factor 6-1 (MEAF6-1) is a splice variant of chromatin
modification-related protein MEAF6 and is also highly expressed in NEPC as a result

of increased SRRM4 activity132. Instead of driving neuroendocrine transdifferentiation,
MEAF6-1 upregulation stimulates the proliferation and invasion abilities of LNCaP and
PC-3 cells132,

Delta-like protein 3.—Delta-like protein 3 (DLL3) is an inhibitory ligand of the Not ch
si gnal | i ng pat hway that is primarily localized in the Golgi apparatus of neuronal
cells133, Increased expression of DL 3was shown to be more common in NEPC (36 of

47 clinical samples (76.6%)) than in CRPC adenocarcinomas (7 of 56 clinical samples
(12.5%)), localized prostate cancer (1 of 194 clinical samples (0.5%)), or benign prostate
disorders (0 of 103 clinical samples). Samples with #B1 genomic loss showed substantially
higher expression of DLL3compared with the samples without RB1 loss34. Similarly,
increased expression of DL L3 has been reported in SCLC samples3®, and RB1 loss in
SCLC correlates with DL L 3 positivity as well136. Moreover, expression of DL L3 correlated
with neuroendocrine marker expression (SYP: r = 0.5316, £=0.0208; CHGA: r = 0.5667,
P=0.0128). Compared with DLL3-negative cases, the expression of DLL3was also
associated with worse overall survival, calculated from the time of prostate cancer diagnosis
(35 months versus 81.5 months, HR 2.22, 95% CI 1.04-4.74, £=0.015) and survival from
the time of metastasis (11.8 months versus 71.6 months, HR, 1.91, 95% CI 0.92-3.96, P=
0.032)134,

Treatment with a single dose of rocalpituzumab tesirine, a DLL3-targeted antibody drug
conjugate, resulted in a complete response in DLL3* NEPC xenografts but had no effect on
DLL3™ xenografts. Moreover, a patient with DLL3-expressing metastasis who was treated
with rocalpituzumab tesirine during a phase | clinical trial exhibited shrinkage of target
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nodal metastases as observed on CT34 indicating that DLL3 is a promising therapeutic
target in NEPC. Further work is needed to identify the major Notch receptor that mediates
DLL3 signalling and elucidate its functional role in NEPC development.

CXC-chemokine receptor 2.—CXC-chemokine receptor 2 (CXCR?2) is a receptor

of I1L-8 that is expressed by prostatic neuroendocrine cells and might contribute to
keeping these cells in a quiescent state137:138, Immunofluorescence analysis of tissue
microarrays showed that CXCR?2 is a cell surface marker of neuroendocrine cells in
prostate adenocarcinoma and NEPC139, CXCR2* neuroendocrine cells isolated from
adenocarcinoma prostatectomy specimens demonstrate a NEPC gene expression signature
that is similar to that reported in NEPC139, In addition, CXCR2 was found to promote the
neuroendocrine phenotype and contribute to ARPI resistance when overexpressed in AR*
LNCaP cells139, CXCR2 also stimulated the secretion of proangiogenic factors, thereby
promoting angiogenesis and the proliferation and survival of neighbouring adenocarcinoma
cells132. However, the function of CXCR?2 in fully developed NEPC is still not clear.

Protein kinase C iota type.—Protein kinase C iota type (PKC A/1) (encoded

by PRKCI) belongs to the PKC family, a group of serine/threonine kinases that
encompasses approximately 2% of the human ki none140, PKCA /v, together with PKC
zeta type, constitute the atypical PKC subgroup4l. PRKC/ expression is downregulated
in human NEPC compared with adenocarcinoma CRPC samples, and correlates
negatively with neuroendocrine marker expressionl42. Loss of PKCA/ is sufficient

to promote neuroendocrine differentiation in prostate cancer cells, accelerate prostate
cancer progression and promote gain of NEPC features, such as loss of nuclear AR

and increased CHGA expression in Prer-null mouse prostate epithelium142, PKCA/L
deficiency also enhances the serine, glycine, one-carbon pathway via the cytosolic
arginine sensor for mTORCL1 subunit 1-cyclic AMP-dependent transcription factor
ATF-4-D-3-phosphoglycerate dehydrogenase (NTORC1-ATF4-PHGDH) axis to fuel DNA
methylation, whereas inhibition of DNA methyltransferase (DNMT) activity blocks
neuroendocrine differentiation and tumour growth42, The rational design of therapeutic
tools based on the loss of PKCA/x warrants further study.

Longitudinal analysis of mechanisms

Many genomic, epigenetic and other molecular changes have important roles in NEPC
development (BOX 1. However, when these changes emerge and how they contribute
temporally to drive treatment-emergent NEPC remains an important but challenging
question?®. Better understanding of the timing and cooperation between emergent drivers
will lead to improved understanding of NEPC development and more timely administration
of targeted therapies.

The analysis of serial tumour samples from five patients with prostate cancer as their disease
progressed from adenocarcinoma to treatment-emergent NEPC constitutes the only reported
clinical data derived from matched samples obtained at different time points. However, only
genomic changes were reported®l. A similar longitudinal study including transcriptomic
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data is required to provide more insights into the temporal changes during the development
of treatment-emergent NEPC.

The LTL331/LTL331R model is the only available clinically relevant PDX model for which
both genomic and transcriptomic data can be obtained throughout the transdifferentiation
process®3:98, Longitudinal analyses of the genomic and transcriptomic profiles of the
LTL331/LTL331R model provide a unique opportunity to determine the temporal
contribution and co-operation of emerging NEPC drivers®3:9, Accordingly, we mapped
the previously reviewed NEPC molecular features longitudinally based on RNA-seq data
from this model®8 (FIG. 2. The various molecular changes can be classified as either early
(transition-stage) events or late (terminal) events (that is, events that are only observed
when NEPC has fully developed). Upregulation of HP1a and PEG10 were observed in the
early phases of treatment-emergent NEPC development and also in terminal NEPC35:98,
This early upregulation of HP1a and PEG10 might have a key role in maintaining cell
survival during ADT and in regulating epigenetic and transcriptional landscape changes,
leading to cell lineage plasticity®>98. In future, early prognostic prediction and/or patient
risk stratification could be based on these early upregulation events, which could also
potentially be therapeutically targeted to delay or even prevent the emergence of NEPC.

Most other reported molecular alterations were only observed in the terminal LTL331R
NEPC PDX tumour in which HP1a and PEG10 are also upregulated. The molecular
alterations found in fully developed NEPC could contribute to establishing the
neuroendocrine phenotype and tumour aggressiveness at a later stage of NEPC development
in this model. Improved understanding of the role of various molecular alterations at
different stages of NEPC development will improve the diagnosis of NEPC and lead to

the development of novel targeted therapies to delay NEPC development or treat NEPC in
the future.

Therapeutic options for NEPC

Despite progress in the understanding of NEPC development, treatment options remain
limited. The first-line treatment for both de novo and treatment-induced NEPC is platinum-
based chemotherapy, reflecting the strategies employed in treating other neuroendocrine
small-cell carcinomas, for example, SCLC. Advances in NEPC research have led to a
number of additional potential therapies that are undergoing investigation in clinical trials or
are in preclinical development.

Chemotherapy

For patients diagnosed with de novo and treatment-induced NEPC, a platinum-

based chemotherapy regimen, such as a combination of cisplatin and etoposide, is
recommended!43.144, NEPC, especially poorly differentiated small-cell NEPC, shares
similar histology, disease progression and treatment response with SCLC and other
small-cell carcinomas?%:22; thus, strategies for treating NEPC are mainly based on SCLC
chemotherapeutic experience with these agents2:21.145_Cisplatin crosslinks with the purine
bases on DNA and etoposide targets DNA topoisomerase Il activities. Both mechanisms
lead to DNA damage and subsequently induce apoptosis in cancer cells46:147 Their adverse
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effects include renal and cardiovascular toxicity, nausea and vomiting?46:148 Considering
the highly proliferative nature of NEPC, such combination therapy could provide synergistic
effects and delay the development of drug resistance. The objective response rate for
patients treated with this regimen is more than 60%, and studies have demonstrated an
overall survival of ~10 months145.149 (TABLE 1. For patients with tumours that exhibit
some clinical features of NEPC (so-called anaplastic CRPC), a less toxic carboplatin and
docetaxel regimen is usually applied, which is efficacious!14116, although the response

rate and overall survival varies between studies owing to the heterogeneity of this patient
population21:150.151 (TABLE 1).

A regimen of carboplatin plus cabazitaxel was assessed in a phase Il clinical trial on 160
patients with metastatic CRPC, including 6 patients with small-cell prostate cancer. This
combination therapy improved patients” median progression-free survival from 4.5 months
(95% CI 3.5-5.7) to 7.3 months (95% CI 5.5-8.2, HR 0.69, 95% CI 0.50-0.95, A= 0.018)
over cabazitaxel alone (TABLE 1. Unfortunately, conclusions could not be drawn as to
whether the combined treatment demonstrated survival benefits for patients with small-cell
prostate cancer, owing to the limited number of cases in this study52,

In general, the initial response of NEPC to chemotherapy is considerable. However,
its limitations are obvious: high and short response duration owing to acquired drug
resistance2l. Thus, novel potent therapeutic strategies for treating NEPC are urgently
needed.

Novel therapeutics

Multiple genomic alterations and epigenetic or transcriptional regulators contribute to NEPC
development. Based on this emerging knowledge, novel treatment strategies targeting the
drivers of NEPC are being developed. Alisertib, an Aurora kinase A inhibitor that inhibits
the interaction between N-myc and Aurora kinase A, has been tested in a phase Il

clinical trial. In this trial, 60 patients with metastatic prostate cancer and at least one of

the key eligibility criteria (small-cell neuroendocrine morphology, 250% neuroendocrine
marker expression, new liver metastases without PSA progression and elevated serum
neuroendocrine markers) were enrolled and treated with alisertib. Radiographic progression-
free survival at 6 months (the primary end point) was 13.4% in all patients. Although the
study failed to meet its primary end point (6-month radiographic progression-free survival
<15%), exceptional responders were identified with molecular alterations potentially
contributing to response. AURKA amplification was associated with improved overall
survival (P= 0.05) but no difference in progression-free survival (P= 0.4) on alisertib.
Molecular features suggesting N-myc overactivity were observed in responders, although
MYCN amplification was not associated with outcomes. These data suggest that a subset of
patients with NEPC who have molecular characteristics suggestive of N-myc and/or Aurora
kinase A activation will benefit from alisertib treatment13,

Owing to the strong resemblance between NEPC and SCLC%4, agents that are effective in
treating SCLC are also being evaluated for NEPC. SCLCs harbour a high tumour mutation
burden, which suggests potential targets for immunotherapy. First-line combination of
atezolizumab, an immune-checkpoint PDL1 inhibitor, with chemotherapy, led to longer
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overall survival and progression-free survival than chemotherapy alone in patients with
SCLC, and has been approved by the FDA56. In prostate cancer, immunohistochemical
staining and analysis of RNA-seq data of clinical samples show a higher PDL1 expression
in NEPC than CRPC samples, indicating that patients with NEPC might have a better
response to immunotherapy than patients with adenocarcinoma CRPC157:158_ The efficacy
of the PDL1 inhibitor avelumab in NEPC has been evaluated in a phase 1l clinical trial.

In this single-arm trial, 15 patients with NEPC or AVPC received avelumab treatment.
Median radiographic progression-free survival was 1.8 months (95% CI 1.6-2.0 months),
and median time on therapy was 56 days (range 28-356 days). Median overall survival
was 7.4 months (95% CI 2.8-12.5 months). Two grade 3 adverse events (abdominal pain
due to hepatic disease progression versus immune hepatitis and pericarditis) and one grade
4 (immune hepatitis) adverse event were attributed to avelumab, with no grade 5 adverse
events®9, Interestingly, one patient with a complete response was found to carry a high
tumour mutational burden owing to MSH2 alteration, suggesting that patients with a high
mutational burden will derive substantial benefit from such immunotherapy.

The efficacy of rocalpituzumab tesirine, an agent targeting DLL3, has been evaluated in
patients with refractory or advanced SCLC. However, in a single-arm phase 11 clinical trial,
the drug only showed a 12.4% and a 14.3% objective response rate in all (339 patients)

and DLL3-high (238 patients) patients, respectively. Median overall survival was 5.6 months
in all patients and 5.7 months in DLL3-high patients, suggesting modest clinical activity

of this drug in SCLC60. A phase 111 trial evaluated the efficacy of rocalpituzumab tesirine
and topotecan, a topoisomerase-I inhibitor, in SCLC and showed poorer overall survival of
the rocalpituzumab tesirine-treated group (6.3 months) compared with the topotecan-treated
group (8.6 months)161. Another phase I clinical trial that investigated the efficacy of
rocalpituzumab tesirine in DLL3-expressing neuroendocrine tumours, including NEPC, also
failed to meet the primary end point owing to a low response rate162,

Despite the failure of rocalpituzumab tesirine, DLL3 is still regarded as a promising
therapeutic target and novel DLL3-targeting antibody-drug conjugates are being developed.
AMG 757, an IgG-like T cell-engaging bispecific antibody that redirects T cells to

lyse DLL3-expressing cells, and rova-IR700, an anti-DLL3 antibody conjugated to an
IR700 photosensitizer, have shown high potency and sensitivity in preclinical models of
SCLC163-165 The safety and tolerability of AMG 757 will be evaluated in NEPC in a phase
| trial as well (NCT04702737).

Other known genetic and epigenetic drivers of NEPC could also be promising therapeutic
targets. For example, inhibitors of EZH2, one of the most strongly upregulated epigenetic
regulators, have demonstrated marked anti-tumour effects in NEPC cells in preclinical
studies, but have not yet been tested in the clinical environment®,

Future perspectives

The understanding of NEPC has considerably improved over the past decade, and various
molecular alterations involved in NEPC development have been identified. However, how
neuroendocrine transdifferentiation occurs and how emerging drivers temporally contribute
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and cooperate during the development of treatment-emergent NEPC is still unclear. The
ability to delineate the contributions of molecular changes to the NEPC developmental
process is restricted by the extremely limited availability of time-course profiling data
describing adenocarcinoma-to-NEPC transdifferentiation, owing to a lack of transcriptional
data generated longitudinally from serial samples derived from patients with treatment-
emergent NEPC. Serial sampling of tumours in individual patients by needle biopsies, and
the collection of circulating tumour cells from pre-treatment, post-ARPI, and follow-up
therapy stages, combined with DNA and RNA sequencing, will help to determine how
NEPC develops.

The availability of patient-derived preclinical models that recapitulate the entire trans-
differentiation process of treatment-emergent NEPC development is also very limited. Other
NEPC PDX models and patient-derived organoids are available for NEPC research166.167,
However, to our knowledge, the LTL331/LTL331R model is the only clinically relevant
PDX model that spontaneously develops from adenocarcinoma to NEPC after ADT,
accurately mimicking the clinical progression of the donor patient®3. This model enables
longitudinal analysis of the development of treatment-emergent NEPC from adenocarcinoma
and provides a valuable tool for tracing temporal molecular changes during this process.
However, the difficulty of gene manipulation in PDX models in vivo makes them
challenging to use in gene function and mechanism studies directly. These limitations can
be at least partially overcome by developments in conditionally reprogrammed cells and
organoid culture methodologies in vitro. For example, gene manipulation can be performed
on these conditionally reprogrammed cells and organoids in vitro, and cells or organoids
can be grafted back to animals to re-establish xenografts for functional evaluation166.168.169,
Comprehensive and systematic analysis of the genomic, epigenetic, transcriptomic and
proteomic changes in this model during the transdifferentiation process will be extremely
important in the future. Furthermore, the establishment of additional PDX and organoid
models of human origin that recapitulate treatment-emergent NEPC development after
exposure to ARPIs will give a broader representation of the complex molecular landscape
and provide very valuable tools for longitudinal studies. The increasing availability of
longitudinal data will be helpful to address some unanswered but fundamental questions

in the treatment-emergent NEPC field, for example, when and how AR signalling is
completely shut down, what early events are the key determinants of the neuroendocrine
phenotype during neuroendocrine differentiation and whether these determinants can be
used as prognostic markers and/or targets for early intervention.

Loss or alterations of #B1 and/or 7P53are the most commonly observed genomic
alterations in NEPC and are thought to contribute to cellular plasticity and promote the
development of treatment-emergent NEPC18:41.51.56 However, 35% of tumours deficient in
RB1 and/or TP53can be classified as AR-active adenocarcinomas without a neuroendocrine
phenotype®0, and most tumours harbouring functional loss of #BZ and 7P53show no
neuroendocrine transformation in biopsy samples’. Thus, whether loss of RBI and/or TP53
in adenocarcinoma is necessary and sufficient for treatment-emergent NEPC development,
and how these alterations coordinate with ARPI treatments and other emerging genomic
alterations, still needs to be explored. Comparative longitudinal analysis of prostate
adenocarcinoma models or patient tumours with £B1 and/or 7P53 loss but different post-
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ARPI treatment disease progression will provide more insights into what additional factors
are involved.

Alterations in some transcription factors and epigenetic regulators are reportedly involved
in treatment-emergent NEPC development, although the precise transcriptional regulation
of cell lineage changes during this process is largely unknown. Considering the complexity
of epigenetic regulation and its important role in facilitating cellular plasticity, further
comprehensive analyses need to be performed to demonstrate the epigenetic landscape
change during the development of NEPC. Longitudinal analyses will help to distinguish the
key epigenetic changes that occur early after the initiation of ARPI treatment from those
that are mainly observed in terminal NEPC, and integrated analysis with transcriptomic
and proteomic data will provide a clearer picture of the regulatory machinery during
development of treatment-emergent NEPC.

Neuroendocrine transdifferentiation is regarded as a crucial mechanism of therapeutic
resistance in prostate cancer, but the presence of DNPC lacking both AR and
neuroendocrine markers in patients with ARPI-resistant CRPC suggests that multiple cell
lineage plasticity options are possible!3. Whether DNPC and treatment-emergent NEPC
share similar driving mechanisms and treatment vulnerabilities is unclear; thus, further
studies are needed to identify the key regulators in determining different post-treatment
cell-fate changes. Longitudinal and comparative multi-omic analyses of treatment-emergent
NEPC and DNPC could further clarify the cellular behaviour during early transition periods
(for example, how and when AR is silenced during disease progression, and whether DNPC
is an indispensable intermediate stage of NEPC transdifferentiation). These studies will lead
to the identification of shared and differential mechanisms between DNPC and treatment-
emergent NEPC, and demonstrate whether targeting these key drivers could, to some degree,
reverse lineage plasticity and resensitize prostate cancers to ARPI. Such information will
provide important clinical criteria for therapy selection.

Neuroendocrine transdifferentiation is not restricted to prostate cancer. Other malignancies
also demonstrate lineage plasticity and acquire resistance to targeted therapies. For example,
lung adenocarcinoma can acquire resistance to epidermal growth factor receptor-targeted
therapies via SCLC development70, New findings in NEPC might, therefore, provide
insights and therapeutic options for other treatment-emergent small-cell neuroendocrine
tumours. In addition to the neuroendocrine phenotype, such tumours have pathological
features that differ from those of their parental adenocarcinoma, such as more aggressive
tumour growth and preferential metastatic sites (that is, visceral metastases)170. Little

is known about the biological advantages that neuroendocrine phenotypes contribute

to disease aggressiveness. Although some factors that promote tumour metastasis, (for
example, EZH?2) are reportedly involved in treatment-emergent NEPC development?3, this
link cannot completely explain why visceral metastases are common in patients with
treatment-emergent NEPC. The contributions of the tumour microenvironment and cancer—
stromal interactions to this development and progression are rarely addressed. Longitudinal
analysis of treatment-emergent NEPC development by single-cell sequencing can illustrate
the transcriptomic changes in different cell types and improve our understanding of their
interaction and cooperation.
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Increasing evidence suggests that prostate cancer can progress via various potential routes.
More attention should be paid to patients with advanced metastatic CRPC, especially
those who receive long-term AR pathway inhibition and/or develop aggressive variants

of prostate cancer as these patients have an increased likelihood of developing AR CRPC
including NEPC13:17.18 Because of the differences in clinical features and treatment strategy
between NEPC and adenocarcinoma CRPC, the National Comprehensive Cancer Network
guidelines were updated to include consideration of metastatic biopsy in any patient with
CRPC to look for NEPC transformationl’L. In view of this, longitudinal monitoring of
disease development and early detection and/or diagnosis of NEPC will be important for
guiding patient counselling and clinical treatment decisions. Repeat metastatic or liquid
biopsies will be helpful for monitoring cell plasticity and lineage change as histological
and molecular examinations of serially collected clinical samples can provide insights into
disease progression and guide timely modifications of treatment strategies.

Finally, cytotoxic chemotherapy is the only treatment currently available for NEPC2L,
However, its benefits are short-lived. Patients with metastatic prostate cancer (including
NEPC) who have mutations in DNA damage repair (DDR)-related genes such as BRCAZ2
have higher response rates to carboplatin-based chemotherapy72; thus, the genetic status
of crucial DDR genes could serve as good markers for precision medicine in NEPC. More
clinical studies will demonstrate which subsets of patients with NEPC and DDR gene
defects will benefit from various treatments, such as PARP inhibitors or immunotherapies.
Further studies on the mechanisms underlying treatment response driven by different DDR
defects can also offer insights for optimizing therapeutic strategies and improving disease
management in subsets of patients with NEPC. In addition, a number of genes have been
identified to have a role in driving NEPC development. The inhibition of these candidates
has shown NEPC tumour growth suppression in in vivo models. For example, inhibition of
HPla, PEG10, SRRM4, SOX2 and BRN2 can suppress neuroendocrine transdifferentiation
and proliferation?®:55.59.87.98,102 The syccess of the development of inhibitors targeting
these candidates will provide more potential options for NEPC treatment. The identification
of early, upstream drivers of treatment-emergent NEPC will also establish a foundation for
early intervention and/or prevention of the disease and provide novel therapeutic targets for
improved disease management.

Conclusions

The incidence of treatment-emergent NEPC has greatly increased over the past decade
owing to the development of more potent ARPIs for the treatment of prostate cancer.
Lineage plasticity is regarded as an important mechanism of treatment-emergent NEPC
development. Concomitant inactivation of 7P53and RB1, and alterations of epigenetic
regulators, transcription factors and various cellular molecules have been identified as
molecular drivers of this phenomenon. Longitudinal analyses of these molecular alterations
can divide them into early and terminal events, suggesting different roles during different
phases of adenocarcinoma-to-NEPC transdifferentiation. In the future, more systematic
multi-omic analyses of clinical or preclinical time-series samples during NEPC development
will lead to the identification of early events and upstream driver signals. This analysis

of events will provide essential insights for elucidating their temporal contributions to
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the process. We hope that this knowledge will translate into more effective and precise
therapeutic strategies for the prevention and management of this currently incurable disease.
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Lineage plasticity

The ability of a cell to convert from one cell type to another, which could refer to the
potential of a fully differentiated cell to de-differentiate and then re-differentiate into a
different cell lineage status

Simian virus 40 T antigens
(SV40 T-Ag). Dominant-acting oncoproteins encoded by the polyomavirus SV40, which are
capable of inducing malignant transformation of a variety of cell types

Allelic imbalance
A phenomenon in which the two alleles of a given gene are expressed at different levels in a
given cell

Genomic profiles
Identification of genomic alterations in a particular cell or tissue type

Divergent clonal evolution

A tumour evolution model, in which different tumour clones share some genetic alterations
inherited from a common ancestor cell, but also display unique alterations that are acquired
during early evolutionary divergence

Probasin promoter

The promoter of rat probasin, an androgen-regulated protein, which commonly uses
prostate-specific promoters to drive targeting expression of genes of interest to the prostate
epithelium

Transcriptomic profiles
Identification and quantification of RNA transcripts expressed in a particular cell or tissue

type

AR-indifferent status
Sustained growth of prostate tumour cells that is not driven by, or dependent on, canonical
AR signalling
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Notch signalling pathway

A highly conserved signalling pathway that occurs through direct interaction between Notch,
the receptor, and the Jagged or Delta family of ligands to trigger proteolytic cleavage to
release Notch intracellular fragment that functions to regulate transcription

Human kinome
The complete set of protein kinases expressed in human cells
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Key points

Neuroendocrine prostate cancer (NEPC) is an aggressive variant form that is
characterized by low or absent androgen receptor (AR) expression, gain of
the neuroendocrine phenotype and is not responsive to therapies targeting AR
signalling.

De novo NEPC accounts for less than 2% of all prostate cancers, but
treatment-induced NEPC occurs in 10-17% of patients with castration-
resistant prostate cancer by evolving from adenocarcinoma, probably as a
result of a transdifferentiation process.

Molecular mechanisms underlying NEPC development include genomic
alterations, abnormal regulation of epigenetic regulators, transcription factors
and other molecular pathways. The temporal contribution and co-operation of
NEPC drivers during adenocarcinoma to NEPC transdifferentiation is largely
unknown; thus, longitudinal study of serial patient samples and preclinical
models that recapitulate the entire disease progression is warranted.

Longitudinal analyses of the only clinically relevant patient-derived xenograft
model with serial genomic and transcriptomic data available throughout the
adenocarcinoma-to-NEPC transdifferentiation process (LTL331/331 R) could
group NEPC-driving molecular alterations into early and terminal events,
suggesting their roles during different phases of NEPC development.

Platinum-based chemotherapy is the only treatment currently available for
NEPC. Advances in NEPC research have led to new potential therapies that
are undergoing investigation in clinical trials or in preclinical development.
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Box 1

Key molecular events observed during neuroendocrine prostate cancer

development

Genetic features

. RB1 loss

. TP5310ss

. PTEN loss

. MYCN amplification
Downregulation of transcription factors

. RE1-silencing transcription factor

. Forkhead box Al
Upregulated transcription factors

. Transcription factor SOX2

. Paternally expressed 10
. Brain-specific homeobox/POU domain protein 2
. One cut domain family member 2

Upregulation of epigenetic regulators
. Polycomb group proteins (for example, enhancer of zeste homologue 2)
. Heterochromatin protein la
. Protein DEK

Upregulation of other regulators

. Delta-like protein 3

. Aurora kinase A
. Protein kinase C iota type
. Serine/arginine repetitive matrix protein 4
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a Neuroendocrine cells hypothesis

Neuroendocrine cells

AR, PSA- AR", PSA-
CHGA*, SYP+, CD56*, NSE* CHGA", SYP+, CD56*, NSE*

b Lineage plasticity hypothesis ARP| treatment

Adenocarcinoma %

/

Transdifferentiation

AR, PSA* AR-, PSA-
CHGA", SYP-, CD567, NSE~ CHGA:, SYP*, CD56%, NSE*

Fig. 1 I. Hypotheses of the origin of neuroendocrine prostate cancer.
a | Neuroendocrine prostate cancer (NEPC) might develop from neuroendocrine cells via

neoplastic transformation, and maintain certain neuroendocrine cell properties including the
expression of neuroendocrine markers such as Chromogranin A (CHGA), Synaptophysin
(SYP) and neuron-specific enolase (NSE), as well as the lack of androgen receptor

(AR) and PSA secretion. b | The lineage plasticity hypothesis suggests that AR*PSA*
prostate adenocarcinoma cells, which do not express neuroendocrine markers, undergo
transdifferentiation following AR pathway inhibitor (ARPI) treatment and develop into
AR™PSA™ neuroendocrine marker* NEPC cells.
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Pre-castration Post-castration (early event) Relapse (terminal event)
THP1o T SRRM4 TEZH2 UREST

T PEG10 TONECUT2 TCBX2 |FOXA1
T PEG10 THP1la
T SOX2 T BRN2

Tumour volume

I I

LTL331 Castration Tumour relapse LTL331R
Tumour development timeline

Fig. 2 I. Timing of the emergence of molecular events in the LTL331/LTL331R patient-derived
xenograft model of neuroendocrine prostate cancer>3.98,

The LTL331 patient-derived xenograft model is derived from androgen deprivation
therapy-naive prostate adenocarcinoma. After castration, the tumour eventually relapses
and develops into LTL331R (androgen receptor (AR)"PSA™ neuroendocrine marker*
neuroendocrine prostate cancer (NEPC)). The key NEPC-specific molecular events can

be categorized as early or terminal events based on when they are detected at the RNA
expression level during NEPC development. The RNA expression values of post-castration
samples at 8 and 12 weeks are averaged as the “early’ time point. An upregulation or
downregulation in expression of over twofold between this early time point and the parental
LTL331 tumour is considered an important early alteration if the change is also consistently
observed in the terminal LTL331R sample. Expression changes that are only observed in the
LTL331R sample are considered ‘terminal’ events.
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