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Abstract

Prostate cancer (PCa) is a common cause of cancer-related mortality in men worldwide. Although most men are
diagnosed with low grade, indolent tumors that are potentially curable, a significant subset develops advanced
disease where hormone therapy is required to target the androgen receptor (AR). Despite its initial effect, hor-
mone therapy eventually fails and the tumor progresses to lethal stages even through continued inhibition of
AR. This review article focuses on the role of PCa cellular heterogeneity in therapy resistance and disease pro-
gression. Although AR-positive luminal-type cells represent the vast majority of PCa cells, there exists a minor
component of AR-negative neuroendocrine (NE) cells that are resistant to hormonal therapy and are enriched
by the treatment. In addition, it is now well accepted that a significant subset of hormonally treated tumors
recur as small cell neuroendocrine carcinoma (SCNC), further highlighting the importance of targeting NE cells
in addition to the more abundant luminal-type cancer cells. Although it has been long recognized that NE cells
are present in PCa, their underlying function in benign prostate and molecular mechanisms contributing to
PCa progression remains poorly understood. In this article, we review the morphology and function of NE cells
in benign prostate and PCa as well as underlying molecular mechanisms. In addition, we review the major
reported mechanisms for transformation from common adenocarcinoma histology to the highly lethal SCNC,
a significant clinical challenge in the management of advanced PCa.

Key words: prostate cancer; neuroendocrine

Introduction

Prostate cancer (PCa) is the most common non-
cutaneous malignancy and second leading cause
of cancer-related mortality in men.1 As a result of
widespread prostate-specific antigen (PSA) screen-
ing, the vast majority of PCa cases are detected in
early, asymptomatic stages of disease where treatment
options include active surveillance, radical prostatec-
tomy, and radiation.2,3 Although most cases are cured
with local therapy, a significant subset of men develop

biochemical recurrence followed by metastasis, for
whom systemic treatment becomes the only option.4

As androgen receptor (AR) signaling is critical for the
proliferation and metabolic functions of prostatic tumor
cells,5 the mainstay of treatment is hormonal therapy,
aimed at reducing the systemic level of circulating
androgens (i.e. GnRH agonists and antagonists), inhibit-
ing intratumoral androgen synthesis (i.e. abiraterone
acetate) or competitive inhibition of AR itself (i.e. enza-
lutamide). This treatment, although initially effective,
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eventually fails after the tumor cells develop various
mechanisms of resistance. The diseases at this stage are
known as castration-resistant prostate cancer (CRPC), an
advanced form of the disease with a median survival of
9–36 months. Research has been ongoing for many years
to understand the major mechanisms as to how prostate
tumor cells become resistant to AR-targeted therapies
as well as methods to circumvent this resistance.6–10

Unfortunately, agents that further inhibit AR have not
significantly improved patient survival and a grow-
ing theme has evolved to search for AR-independent
strategies to target PCa.

PCa exhibits cellular heterogeneity which may have
a significant role in pathology and resistance to hor-
monal therapy. In benign prostate, luminal (also known
as secretory cells) and basal cells comprise the major
epithelial compartments. However, there exists a minor
component of epithelial cells possessing neuroendocrine
(NE) features, representing only ∼1% of the entire epithe-
lial cell population.11–13 The vast majority of PCa cases
are histologically classified as adenocarcinoma charac-
terized by loss of basal cells and proliferation of malig-
nant luminal-type cells expressing AR and PSA. Impor-
tantly, every case of prostate adenocarcinoma also con-
tains a minor component of NE cells that are negative for
AR and PSA.13,14 Because NE cells are AR negative and
androgen-independent, they are spared by hormonal
therapy and subsequently, enriched in the tumor.15,16

Furthermore, 17%–30% of recurrent castration-resistant
tumors display a variant histology known as small cell
neuroendocrine carcinoma (SCNC)17,18 with the tumor
composed entirely of NE cells. SCNC is resistant to tra-
ditional hormonal therapy and carries the poorest prog-
nosis of all cancers of the prostate.19,20 It is therefore
hypothesized that to achieve maximal therapeutic effi-
cacy, the NE cells must be targeted as well. This review
provides a modern perspective on the role of NE cells
in PCa, including their various histologic contexts, bio-
logical roles, and molecular mechanisms. Furthermore,
current theories on the development of SCNC histol-
ogy from adenocarcinoma after hormonal therapy are
discussed.

Histologic context of neuroendocrine cells
in prostate cancer

NE cells are present in benign prostate and through-
out the entire spectrum of PCa.11,13 In benign prostate,
they act as sensors to various stimuli and secrete neu-
ropeptides and cytokines to maintain the surrounding
epithelial population.11,21 Their function in PCa varies
depending on their histological context but it is generally
understood that the pathogenicity of NE cells increases
as PCa progresses. This section reviews the common his-
tological settings of NE cells as well as the most com-
monly used immunohistochemical markers for high-
lighting them in the epithelium.

Cellular heterogeneity of the human prostate

The prostate is an epithelial organ, composed of glan-
dular structures surrounded by a fibromuscular stroma
containing blood vessels and nerves. Glands in the
benign prostate are often large and irregularly shaped,
lined by a stratified cuboidal to columnar epithelium.22

The layer of cells bordering the lumen are commonly
termed the luminal (or secretory) cells. These cells are iden-
tified easily on standard hematoxylin and eosin (H&E)
stained slides and contain abundant clear to eosinophilic
cytoplasm and rounded nuclei towards the basal aspect
of the cell.22 They are terminally differentiated and pos-
sess secretory functions. Commonly used immunohisto-
chemical markers for luminal cells are AR, PSA, NKX3.1,
TMPRSS2, and cytokeratins 8 and 18.23 The outer layer of
cells having direct contact with stroma are termed the
basal cells, and are commonly thought to be the progen-
itor cells of the prostate with the ability to differentiate
into secretory populations. These cells are actively pro-
liferating and contain more ovoid nuclei and less cyto-
plasm compared with luminal cells. They can be iden-
tified using standard H&E staining as well as through
the use of immunohistochemical markers p63 and high
molecular weight cytokeratins (34βE12, and cytokeratins
5/6 and 14).22,23

NE cells are scattered among the more abundant
luminal and basal cells, representing only ∼1% of the
epithelial population.11,13,21 Because of their rarity in
benign prostate and most prostate tumors, they cannot
be appreciated on standard H&E stained sections. How-
ever, through the use of electron microscopy, they can
be identified and differentiated from luminal and basal
cells by their elongated cell bodies and intracytoplasmic
dense core secretory granules.21 Furthermore, electron
microscopy can differentiate between two morphologic
subtypes of NE cells: open-type and closed-type.24 Open-
type cells possess long microvilli which reach the lumen
and can detect changes in pH as well as respond to other
chemical stimuli in luminal secretions. Closed-type cells
possess dendritic-like processes and receive stimuli from
nerve endings, blood vessels, and smooth muscle cells.
A more practical way to highlight NE cells in the pro-
static epithelium involves the use of immunohistochem-
istry (IHC) (Fig. 1) and commonly used markers include
chromogranin A (CgA),11,13,21 synaptophysin (SYP),11,13,21

neuron-specific enolase (NSE),11,13,21 neural cell adhe-
sion molecule (NCAM or CD56),11,13,21 forkhead-box A2
(FOXA2),25 and CXC chemokine receptor 2 (CXCR2).26 In
addition to being negative for AR and PSA, they are
also negative for Ki67 because they are non-proliferative,
post-mitotic cells.11,13,21,26

Neuroendocrine cells in prostatic
adenocarcinoma

It is not routine to perform IHC for NE markers in the
setting of non-hormonally treated adenocarcinomas as
their presence and quantity would not affect the choice
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Figure 1. The left panel shows H&E stained images of benign prostate,
untreated adenocarcinoma, carcinoid tumor, and SCNC (from top to
bottom). The right panel shows immunohistochemical staining for
the expression of NE marker CHGA in each tumor type. There are
rare NE cells in benign prostate and adenocarcinoma while carcinoid
tumor and SCNC express CHGA diffusely.

of treatment. However, an association between the num-
ber of NE cells in hormone-naı̈ve tumors and progres-
sion to CRPC has been found and deserves to be further
studied.27 Although it can vary among patients, NE cells
usually make up ∼1% of tumor cells in a hormone-naı̈ve
setting (Fig. 1). In tumors that have been treated with
hormone therapy, NE cells commonly become enriched
to ∼5%–10% of the tumor cell population.26,28 In these
cases, NE cells commonly appear as clustered foci and
the World Health Organization (WHO) has classified this
pathology as “focal neuroendocrine differentiation (NED)
in conventional prostatic adenocarcinoma”.29 Currently,
this finding is highly variable among patients and has
not been found to increase the likelihood of developing
SCNC. Occasionally, NE cells in this setting will demon-
strate intense eosinophilia with large cytoplasmic gran-
ules and this morphology has been classified as “adeno-
carcinoma with Paneth cell NED”,29 which generally pur-
sues an indolent course.

Small cell neuroendocrine carcinoma

Although adenocarcinoma containing rare NE cells rep-
resents the most common initial presentation, rare pri-
mary PCas (∼1%) are histologically classified as SCNC,
composed entirely of NE tumor cells.30 As the tumor
cells do not secrete PSA, they are not detected by
traditional screening methods and are often dissemi-
nated at presentation carrying a poor prognosis with
a median survival of < 2 years.19,20 More commonly,
SCNC is detected as a recurrent tumor in patients fol-
lowing hormone therapy for prostatic adenocarcinoma.31

This was once thought to be a rare presentation; how-
ever, a recent multi-institutional study revealed that
treatment-induced small cell carcinoma (t-SCNC) com-
prises 17%–30% of clinical CRPC.18,32 As with primary
SCNC, these tumors carry a high mortality rate and there
has been a recent surge in studies seeking to differentiate
the genetic landscape between CRPC-adenocarcinoma
and t-SCNC tumors to find better treatment modal-
ities. Histologically, SCNC is characterized by a high
nuclear/cytoplasmic ratio, scanty cytoplasm, hyperchro-
matic nuclei, nuclear molding, frequent mitotic figures,
and necrosis.33,34 Unlike NE cells in benign prostate and
adenocarcinoma, NE tumor cells in SCNC are highly pro-
liferative with a high Ki67 labeling index.33,34 Pathologic
diagnosis based on histological features is considered
the gold standard. IHC staining can be helpful in diffi-
cult cases as one or more NE markers are positive in
∼90% of cases (Fig. 1).33 Pure SCNC is uncommon, as in
most cases SCNC is mixed with adenocarcinoma compo-
nents. In these mixed SCNC-adenocarcinoma cases, the
SCNC component can have a wide range and the Glea-
son grade of the adenocarcinoma component is almost
always ≥ 8.29 The transition between the two morpholo-
gies is often abrupt and easily recognizable without the
use of IHC.

SCNC represents the most common presentation of
neuroendocrine PCa. However, there are two other rare
tumor types also composed entirely of NE cells: car-
cinoid tumor and large cell neuroendocrine carcinoma
(LCNC).29,35,36 Carcinoid tumors are extremely rare and
appear as well-differentiated organized nests of uniform
tumor cells that are positive for NE markers (Fig. 1)
and are not associated with prostatic adenocarcinoma.
Although carcinoid tumors in other organs are relatively
indolent, their behavior as a primary prostate tumor is
uncertain because of their rarity, with only a few cases
reported.37–40 LCNC is also exceptionally rare and can
be differentiated from SCNC by larger amounts of cyto-
plasm, more prominent nucleoli, and peripheral palisad-
ing of tumor foci.29,35,36 These tumors were once thought
to almost always occur following hormone therapy based
on the 7 patients followed by Evans et al.41; however, a
recent pooled analysis of 20 patients showed that 9/20
(45%) were reported as de novo with only 8/20 (40%) hav-
ing a history of hormone therapy for prostatic adenocar-
cinoma.42 All patients with LCNC displayed rapid deteri-
oration and death and the median survival is thought to
be 7 months.
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Figure 2. Current theories of SCNC development from adenocarcinoma. (A) Clonal expansion of pre-existing NE cells in adenocarcinoma fol-
lowed by mutation and expansion. (B) Trans-differentiation of luminal cell clones to SCNC followed by expansion (Created with BioRender.com).

In comparison with carcinoid tumor and LCNC that
are exceedingly rare, SCNC has become an increas-
ingly recognized clinical concern in the management
of patients with advanced PCa because of its high
prevalence following hormonal therapy. The molecu-
lar and cellular basis of the phenotypic transition from
a tumor traditionally displaying adenocarcinoma fea-
tures to SCNC still needs more research. Importantly,
it is unknown whether SCNC arises by clonal expan-
sion of pre-existing NE cells in adenocarcinoma or trans-
differentiation of luminal-type cells as a mechanism to
evade hormonal therapy (Fig. 2).

Origin and biological function of
neuroendocrine cells

NE cells are present in benign and malignant glands of
the prostate, representing ∼1% of the epithelial cell pop-
ulation. They are considered terminally differentiated
distributed in all anatomic zones, with higher concen-
trations in the transitional and peripheral zones com-
pared with the central zone.43 The cellular origin of
NE cells has not been firmly established. It has been
hypothesized that NE cells may arise in the neural crest
and migrate to the prostatic epithelium because of the
observed appearance of CgA + cells in the paragan-
glia of future prostatic mesenchyme and eventual dis-
persion in urogenital mesenchyme.44 With the sprout-
ing and development of prostatic analgen from the uro-
genital epithelium, it is thought that NE cells migrate
to the basal layer of the mature glands where they are
then commonly observed.44 However, more recent stud-
ies have shown strong evidence that NE cells are the
progeny of basal cells as NE cells express basal-specific
keratins and their differentiation from human pluripo-
tent (c-kit+) basal cells has been well demonstrated in

vitro.45,46 In an in vivo study, Goldstein et al. showed that
primary benign human prostate basal cells can be trans-
formed into acinar-type adenocarcinoma-containing NE
cells, providing strong evidence that NE cells may be
derived from benign basal cells of the prostate.47

The exact function of NE cells has not been well
elucidated because of the rarity of the cell popula-
tion and most hypotheses have been largely based on
immunostaining patterns. For example, it is known
that NE cells have a secretory function as they express
various peptide hormones including neural growth
factor (NGF), bombesin/gastrin-releasing peptide, sero-
tonin, histamine, calcitonin, neuropeptide Y, vasoac-
tive intestinal peptide, parathyroid hormone-related pro-
tein, somatostatin, and vascular endothelial growth fac-
tor.11,21,48 Although they are considered quiescent, non-
proliferative cells, they may communicate with nearby
epithelial cells in a paracrine manner.11,21 This cross-
talk is evidenced by the observation that luminal cells
express receptors for many NE products. For example,
receptors for serotonin (5HT1a),49 bombesin (GRPR),50

neurotensin,51 somatostatin (SSTR1–5),52–54 neuropep-
tide Y,55 and calcitonin,56 have all been detected in
benign prostate and human prostate PCa. In addition,
it has been shown by our group that NE cells secrete
interleukin-8 (IL-8), while luminal cells express IL-8
receptor-type 1 (CXCR1).26 In subsequent studies, it was
shown that IL-8 induces androgen-independent prolifer-
ation of PCa cells and that this may result from mod-
ulation of AR levels and activity.57,58 It has also been
shown that NE-cell product serotonin (5-HT) influences
the growth of luminal cells by AR modulation, further
highlighting the importance of cross-talk between NE
cells and the surrounding luminal-type tumor cells in
maintaining the growth of the entire epithelial cell pop-
ulation.59 As luminal cells respond to hormonal therapy



Neuroendocrine cells of the prostate 29

while NE cells do not, it is reasonable to hypothesize that
strategies to specifically target NE cells, alone or in com-
bination with AR targeting, hold the key to long-term
disease control or cure. A successful example of such
a strategy was recently published by our group show-
ing that selectively targeting NE cells using navarixin, a
CXCR2 inhibitor, can suppress the growth of PCa cells
both in vitro and in xenograft models.60

Molecular mechanisms of neuroendocrine
differentiation in prostate cancer

NE cells likely play important roles throughout the
entire disease spectrum of PCa including CRPC-
adenocarcinoma and SCNC. As patients initially diag-
nosed with adenocarcinoma can recur with SCNC,18,32

significant research efforts have focused on elucidating
the mechanisms leading to the development of SCNC
following hormonal therapy. There is considerable
debate in the field as to whether SCNC arises by clonal
expansion of pre-existing NE cells in adenocarcinoma
or trans-differentiation of luminal cells through lineage
plasticity (Fig. 2). In addition, as various stimuli have
been noted to induce NED in vitro, it has been challenging
for translational scientists to identify which stimuli and
drivers are clinically relevant in humans. This section
reviews the major signaling and genomic drivers of NED
in PCa as currently reported in the literature.

Intracellular signaling and neuroendocrine
differentiation

As early as 1999, it was observed that LNCaP cells,
modeling hormone-naı̈ve adenocarcinoma, expressed
NE markers following culture in androgen-deprived
medium and that this phenotype was reversible after
the re-addition of androgen.61,62 This has become a well-
accepted model for studying the dynamics of NED and
exploring the signaling events that occur in the process.
For example, it has been found that ERK/MAPK activ-
ity is activated in LNCaP cells that have been treated
with androgen withdrawal and that use of the MEK
inhibitor, PD8059, effectively inhibited ERK and reversed
the acquired NE characteristics.63,64 It was further shown
that ERK/MAPK activity in this context is driven by
IL-8 secretion mediated by FOXA1 loss.65 In addition
to the MAPK pathway, several groups found that cells
increase their cyclic-AMP levels during NED.66–68 This has
been found to lead to increased cAMP-dependent protein
kinase A (PKA) activity,67,69 leading to the expression of
NE markers, secretion of neuropeptides, and low mitotic
activity (characteristic of their quiescent nature in an
adenocarcinoma setting). The mechanism as to how
cAMP/PKA leads to NE phenotype has been proposed as
downstream expression of cAMP-responsive binding ele-
ment, CREB, which following androgen withdrawal, up-
regulates the G-protein coupled receptor, GRK3.70 Knock-
down of GRK3 led to complete reversal of the cAMP/PKA-
induced phenotype; however, the direct mechanism as to

how GRK3 mediates NE phenotype is largely unknown.
Furthermore, PKA signaling has been shown to inhibit
anti-proliferative factors, including Ras homolog gene
family member A (RhoA), and Rho-associated coiled-coil
containing protein kinase (ROCK).71 In addition to cell
survival mechanisms, it has been noted that NE cells
are a significant source of vascular-endothelial growth
factor-A (VEGF-A).72 Angiogenesis is believed to have a
significant role in CRPC progression and several clinical
trials have attempted targeting VEGF-A in combination
with hormone therapy, although mixed results have been
obtained as to the efficacy of this treatment.73

Finally, it has been shown by our group that NE cells
express CXCR2 and its native ligand, IL-8.26 It has been
suggested that the growth inhibitory IL-8-CXCR2-p53
cascade maintains NE cells in a quiescent state and that
following p53 mutation, the growth inhibitory signaling
is lost leading to lethal SCNC.74 It has also been shown
that CXCR2 overexpression in LNCaP cells drives a neu-
roendocrine phenotype, and this may be a result of up-
regulated PI3K/AKT, MAPK, and VEGFR signaling path-
ways.60 Further studies are needed to fully understand
the important role of CXCR2 in altering intracellular sig-
naling for the emergence of NE phenotype.

Genomic and molecular hallmarks of small cell
neuroendocrine carcinoma

Over the past 10 years, the genomic landscape of human
SCNC has become more illuminated through several
well-resourced studies with valuable patient cohorts. It is
well-accepted that human SCNC harbors frequent muta-
tions of TP53 and Rb1.17,74,75 As Rb1 is a critical regulator
of the cell cycle and p53 is a critical regulator of apopto-
sis, inactivation of these genes leads to the hyperprolif-
erative, anti-apoptotic phenotype observed in SCNC. Fur-
thermore, it has been shown in vitro that Rb1/p53 deletion
in hormone-resistant PCa cells (LNCaP/AR) causes SCNC
phenotype and that this observed lineage plasticity is
caused by up-regulation of the reprogramming factors,
SOX2 and EZH2.76,77 In addition to p53 and Rb1 lesions, it
has been observed that the oncogene MYCN and Aurora-
Kinase A (AURKA) are frequently overexpressed in SCNC
compared with CRPC-adenocarcinoma.32 AURKA has
roles in mitosis and cell cycle regulation but has also
been shown to stabilize MYCN, suggesting a possible col-
laborative role for the two proteins.78 In addition, MYCN
is capable of promoting NED, and this may be mediated
in part by EZH2.79

Several additional transcription factors to MYCN and
SOX2 have been associated with NE phenotype, includ-
ing ASCL1,80 FOXA2,25 E2F1,81 ONECUT2,82 REST,83 and
BRN2.84 In particular, FOXA2, ONECUT2, REST, and BRN2
were observed to drive NE phenotype from models dis-
playing classical adenocarcinoma features. For exam-
ple, it was observed in TRAMP mice that HIF-1α, regu-
lated upstream by Siah2, forms a complex with FOXA2
and activates a transcriptional program required for NE
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tumor development.85 ONECUT2 was found to also regu-
late HIF-1α gene signature to promote NE phenotype,82

in addition to other mechanisms such as suppression
of AR signaling as well as blocking the expression of
the luminal-defining transcription factor, FOXA1.86 REST,
a transcriptional repressor of neuronal differentiation,
becomes down-regulated in the progression to SCNC
with concomitant up-regulation of neuronal genes.83

Subsequently, it was discovered that alternative splic-
ing by SRRM4, a master regulator of transdifferentia-
tion of embryonic stem cells to neural cells, is respon-
sible for lower REST transcript and higher levels of
the truncated transcript, REST4.87 This mechanism was
demonstrated in vitro and it has been shown in human
SCNC specimens that SRRM4 is negatively associated
with REST/REST4 ratio. Furthermore, it has been shown
that AR inhibition blocks the translation of REST pro-
tein, producing an additive effect to the SRRM4-mediated
pathway. BRN2, a master regulator of neural differenti-
ation, has been shown to be suppressed by AR, upreg-
ulated in NE tumors, and important in maintaining the
NE phenotype via direct regulation of the epigenetic re-
programmer, SOX2.84 Collectively, these findings demon-
strate the important role transcription factors play in re-
programming cells to undergo NED as well as maintain-
ing the phenotype. Further studies to understand the
relationships among these many transcription factors
are needed to further understand the complex biology of
NED.

Several other oncogenic drivers and mechanisms of
SCNC genesis have been reported. In patient-derived
xenograft systems modeling the progression of pro-
static adenocarcinoma to SCNC, it was observed that
the placental gene PEG10 becomes de-repressed and
highly up-regulated.88 It was found that both AR and
E2F/Rb pathways dynamically regulate distinct isoforms
of PEG10 at different stages of SCNC development and
that PEG10 was able to drive cell cycle progression in
the context of p53 loss as well as promote invasion
through up-regulated Snail expression and TGF-β signal-
ing. It has also recently been shown that PKCλ/ι (PRKC1)
has reduced expression in both de novo and treatment-
induced SCNC.89 The authors showed that loss of PRKC1
leads to enhanced mTORC1/ATF4 signaling through
phosphorylation of MAPK and LAMTOR2. This change in
signaling leads to metabolic re-programming, resulting
in increased levels of S-adenosyl methionine (SAM). As
this substrate is used for methylation, this change was
observed to promote epigenetic changes through DNA
hypermethylation and consequently, and induce NED
and progression to lethal SCNC. More studies focused on
examining the metabolic differences between SCNC and
CRPC-adenocarcinoma may reveal additional vulnerabil-
ities that can be therapeutically targeted as this was
one of few studies that has attempted to elucidate the
metabolic landscape of SCNC and how this might drive
the lethal phenotype observed. Another recent report
showed that Trop2, a cell surface glycoprotein that is

an important regulator of stem-cell renewal, is overex-
pressed in prostate tumors with NED.90 Furthermore,
its overexpression in hormone-naı̈ve tumors drives NE
marker expression as well as the hyperproliferative
phenotype. Further studies showed that Trop2 increased
the expression of PARP1 and that Trop2-driven NE
tumors were sensitive to PARP1 inhibition. The authors
proposed that the Trop2-driven increase in proliferation
causes significant DNA damage and inhibition of PARP1
results in apoptosis, representing a possible therapeutic
strategy for Trop2 + SCNC tumors.

The aforementioned studies demonstrate NED in
vitro from luminal-type cell lines. However, it has been
recently shown in vivo that human basal cells also pos-
sess the ability to differentiate into SCNC, when trans-
duced with a combination of oncogenic drivers that
increase the proliferative capacity and immortality of the
cells. For example, Lee et al. demonstrated that human
basal cells can be driven to form SCNC tumors by over-
expression of N-Myc and myristoylated Akt1 (myrAkt1,
partial mimic of PTEN-loss), while luminal cells cannot.91

Park et al. furthermore demonstrated that SCNC genesis
can occur when human basal cells are challenged with a
combination of factors expressing double negative p53
(TP53DN), myrAkt1, RB1-shRNA, c-Myc, and Bcl2.92 As
expected, human luminal cells cannot be transformed
to SCNC with this same combination of factors. These
findings further add complexity to our understanding of
SCNC as only luminal and NE cells populate malignant
adenocarcinoma glands, where t-SCNC arises.

The biology underlying NED is complex and has only
recently been rigorously pursued by the scientific com-
munity. Although many mechanisms have been shown
to drive SCNC, there still lacks opportunity for therapeu-
tic intervention for many of these mechanisms as most
of these proteins are not currently druggable. Further-
more, these results show that there are many possible
drivers of NED, which may act individually or collectively
in different clinical contexts. Further studies on eluci-
dating the connections amongst the various pathways
and opportunities for therapeutic targeting are needed to
improve outcomes for patients with advanced disease.

Conclusions and perspectives

NE cells, despite representing a minor constituent in
benign prostate and the vast majority of PCa, likely have
important roles in both the physiological maintenance
of secretory populations as well as the pathological pro-
gression of PCa. As luminal cells are thought to rely
on NE cell products, it is conceivable that targeting NE
cells (with or without hormone therapy), may represent
a promising therapeutic strategy for treating advanced
PCa. More studies are needed to further discover NE-
specific molecular targets to further validate the thera-
peutic potential of such a strategy.

As t-SCNC represents the most lethal course of dis-
ease progression, there remains an urgent need to both
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Figure 3. Major reported mechanisms of neuroendocrine differentiation (Created with BioRender.com).

further define the cell of origin leading to this pathol-
ogy as well as to discover methods for therapeutic tar-
geting. The vast majority of studies have supported a
lineage plasticity theory of transition, suggesting that
luminal cells change their cellular identity as a method
to evade hormonal therapy. This involves a series of
events including expression and repression of several
transcription factors to induce epigenetic reprogram-
ming and neurogenesis, alterations in intracellular sig-
naling (which may be a result of or induce the lineage
switch), and dysregulation of genes that regulate the
cell cycle to induce the classic hyperproliferative, anti-
apoptotic phenotype observed in SCNC (Fig. 3). However,
nearly all of the studies supporting lineage plasticity as
the mechanism of t-SCNC development were performed
in vitro, which does not represent the complex tumor
environment found in humans. Furthermore, as there is
significant heterogeneity with human t-SCNC, evidenced
by inconsistent expression of NE markers and oncopro-
teins, it remains entirely possible that both lineage plas-
ticity and clonal expansion of pre-existing NE cells are
mechanisms for the development of t-SCNC, depending
on the clinical context. Until conclusive studies can con-
vincingly demonstrate whether primary human lumi-
nal or NE cells can be transformed into SCNC, the ques-
tion remains unanswered. Finally, although many mech-
anisms of NED have been reported, most of these path-
ways are not currently druggable. It is our belief that
more therapeutically vulnerable pathways for SCNC can
be discovered through avenues outside of transcriptomic
profiling, which is what most research studying SCNC is
premised on. This may involve more thorough charac-
terization of cell surface proteins and glycosylation pat-
terns to discover targets that make the cells vulnerable

to immunotherapies, probing the intracellular metabo-
lite abundance of SCNC cells to determine preferential
metabolic behavior and consequent pathways that can
be inhibited, as well as phospho-proteomic studies to
discover highly active kinases that can be inhibited to
“turn off” preferential signaling pathways. Our under-
standing of NE cells and NED is only just beginning to
become understood and a more thorough understanding
of the biological functions and molecular mechanisms
of pathogenesis may finally provide curative therapeutic
options for men suffering with advanced PCa.

Disclosure

J.H. is a consultant for or owns shares in the following
companies: Kingmed, MoreHealth, OptraScan, Genetron,
Omnitura, Vetonco, York Biotechnology, Genecode and
Sisu Pharma.

Acknowledgements

The research in the laboratory of J.H. is supported by the
National Institutes of Health (grants No. 5R01-CA181242,
5R01-CA205001, 5R01-CA212403, 5R01-CA200853, and
1R01-CA229431), Prostate Cancer Foundation, and Mike
Slive Foundation.

Conflict of interest

As an Editorial Board Member of Precision Clinical
Medicine, the corresponding author Jiaoti Huang was
blinded from reviewing or making decisions on this
manuscript.



32 William Butler and Jiaoti Huang

References
1. Humphrey PA. Cancers of the male reproductive organs. In:

Stewart BW, Wild CP (eds.), World Cancer Report, World Health
Organization: Lyon, 2014. ISBN-13: 978-92-832-0432-9

2. Barry MJ, Nelsen JB. Patients present with more advanced
prostate cancer since the USPSTF screening recommenda-
tions. J Urol 2015;194:1534–6. doi: 10.1016/j.juro.2015.09.033.

3. Bekelman JE, Rumble RB, Chen RC, et al. Clinically localized
prostate cancer: ASCO Clinical Practice Guideline Endorse-
ment of an American Urological Association/American
Society for Radiation Oncology/Society of Urologic
Oncology Guideline. J Clin Oncol 2018;36:3251–3258. doi:
10.1200/JCO.18.00606.

4. Hussain A, Dawson N. Management of advanced/metastatic
prostate cancer: 2000 update. Oncology (Williston Park)
2000;14: 1677–88 PMID: 11204373.

5. Culig Z, Santer FR. Androgen receptor signaling in
prostate cancer. Cancer Metastasis Rev 2014; 33:413–26.
doi: 10.1007/s10555-013-9474-0.

6. Visakorpi T, Hyytinen E, Koivisto P, et al. In vivo amplification
of the androgen receptor gene and progression of human
prostate cancer. Nat Genet 1995;9:401 –6. doi: 10.1038/ng0495-
401.

7. Gregory CW, Johnson RT, Jr, Mohler JL, et al. Androgen recep-
tor stabilization in recurrent prostate cancer is associated
with hypersensitivity to low androgen. Cancer Res 2001;61:2
892–8. PMID: 11306464.

8. Dillard PR, Lin MF, Khan SA. Androgen-independent prostate
cancer cells acquire the complete steroidogenic poten-
tial of synthesizing testosterone from cholesterol. Mol Cell
Endocrinol 2008;295: 115–20. doi: 10.1016/j.mce.2008.08.013.

9. Mostaghel EA, Montgomery B, Nelson PS. Castration-
resistant prostate cancer: Targeting androgen metabolic
pathways in recurrent disease. Urol Oncol 2009;27:251 –7. doi:
10.1016/j.urolonc.2009.03.016.

10. Guo Z, Yang X, Sun F, et al. A novel androgen receptor splice
variant is up-regulated during prostate cancer progression
and promotes androgen depletion-resistant growth. Cancer
Res 2009;69:2305–13. doi: 10.1158/0008-5472.CAN-08-3795.

11. Huang J, Wu C, diSant’Agnese PA, et al. Function and molec-
ular mechanisms of neuroendocrine cells in prostate cancer.
Anal Quant Cytol Histol 2007;29:128–38. PMID: 17672372.

12. Yuan TC, Veeramani S, Lin MF. Neuroendocrine-like prostate
cancer cells: neuroendocrine transdifferentiation of prostate
adenocarcinoma cells. Endocr Relat Cancer 2007;14:531–47.
doi: 10.1677/ERC-07-0061.

13. Huang J, Yao JL, di Sant’Agnese PA, et al. Immunohistochemi-
cal characterization of neuroendocrine cells in prostate can-
cer. Prostate 2006;66:1399–406. doi: 10.1002/pros.20434.

14. Humphrey PA. Diagnosis of adenocarcinoma in prostate
needle biopsy tissue. J Clin Pathol 2007;60:35–42. doi:
10.1136/jcp.2005.036442.

15. Ahlgren G, Pedersen K, Lundberg S, et al. Regressive changes
and neuroendocrine differentiation in prostate cancer after
neoadjuvant hormonal treatment. Prostate 2000;42:274
–9. doi: 10.1002/(sici)1097-0045(20000301)42:4<274::aid-
pros4>3.0.co;2-r.

16. Jiborn T, Bjartell A, Abrahamsson PA. Neuroendocrine
differentiation in prostatic carcinoma during hormonal
treatment. Urology 1998;51:585–9. doi: 10.1016/s0090-
4295(97)00684-5.

17. Beltran H, Tomlins S, Aparicio A, et al. Aggressive vari-
ants of castration-resistant prostate cancer. Clin Cancer Res
2014;20:2846–50. doi: 10.1158/1078-0432.CCR-13-3309.

18. Aggarwal R, Huang J, Alumkal JJ, et al. Clinical and
genomic characterization of treatment-emergent small-
cell neuroendocrine prostate cancer: A multi-institutional
prospective study. J Clin Oncol 2018;36:2492–2503. doi:
10.1200/JCO.2017.77.6880.

19. Parandreou CN, Daliani DD, Thall PF, et al. Results of
a phase II study with doxorubicin, eptoposide, and cis-
platin in patients with fully characterized small-cell car-
cinoma of the prostate. J Clin Oncol 2002;20:3072–80. doi:
10.1200/JCO.2002.12.065.

20. Deorah S, Rao MB, Raman R, et al. Survival of patients
with small cell carcinoma of the prostate during 1973–
2003: a population-based study. BJU Int 2012; 109:824–30. doi:
10.1111/j.1464-410X.2011.10523.x.

21. Huang YH, Zhang YQ, Huang J. Neuroendocrine cells
of prostate cancer: biologic functions and molecu-
lar mechanisms. Asian J Androl 2019;21:291–5. doi:
10.4103/aja.aja 128 18.

22. McNeal JE. Normal histology of the prostate. Am J Surg Pathol
1988;12:619–33. doi: 10.1097/00000478-198808000-00003.

23. Wang Y, Hayward S, Cao M, et al. Cell differentiation
lineage in the prostate. Differentiation 2001;68:270–9. doi:
10.1046/j.1432-0436.2001.680414.x.

24. Vashchenko N, Abrahamsson PA. Neuroendocrine dif-
ferentiation in prostate cancer: implications for new
treatment modalities. Eur Urol 2005;47:147–55. doi:
10.1016/j.eururo.2004.09.007.

25. Park JW, Lee JK, Witte ON, et al. FOXA2 is a sensitive and
specific marker for small cell neuroendocrine carcinoma of
the prostate. Mod Pathol 2017;30:1262–72. doi: 10.1038/mod-
pathol.2017.44.

26. Huang J, Yao JL, Zhang L. Differential expression of
Interleukin-8 and its receptors in the neuroendocrine and
Non-Neuroendocrine compartments of prostate cancer.
Am J Pathol 2005;166:1807–15. doi: 10.1016/S0002-9440(10)
62490-X.

27. Berruti A, Mosco A, Porpiglia F, et al. Chromogranin A expres-
sion in patients with hormone naı̈ve prostate cancer pre-
dicts the development of hormone refractory disease. J Urol
2007;178:838–43. doi: 10.1016/j.juro.2007.05.018.

28. Jiborn T, Bjartell A, Abrahamsson PA. Neuroendocrine
differentiation in prostatic carcinoma during hormonal
treatment. Urology 1998;51:585–9. doi: 10.1016/s0090-
4295(97)00684-5.

29. Epstein JI, Amin MB, Beltran H, et al. Proposed mor-
phologic classification of prostate cancer with neuroen-
docrine differentiation. Am J Surg Pathol 2014;38:756 –67. doi:
10.1097/PAS.0000000000000208..

30. Nadal R, Schweizer M, Kryvenko ON. Small cell carci-
noma of the prostate. Nat Rev Urol 2014;11:213–9. doi:
10.1038/nrurol.2014.21.

31. Hu CD, Choo R, Huang J. Neuroendocrine differenti-
ation in prostate cancer: a mechanism of radioresis-
tance and treatment failure. Front Oncol 2015;5:90. doi:
10.3389/fonc.2015.00090.

32. Beltran H, Rickman DS, Park K, et al. Molecular character-
ization of neuroendocrine prostate cancer and identifica-
tion of new drug targets. Cancer Discov 2011;1:487–95. doi:
10.1158/2159-8290.CD-11-0130.



Neuroendocrine cells of the prostate 33

33. Wang W, Epstein JI. Small cell carcinoma of the
prostate. A morphologic and immunohistochemical
study of 95 cases. Am J Surg Pathol 2008;32:65–71. doi:
10.1097/PAS.0b013e318058a96b.

34. Yao JL, Madeb R, Bourne P. Small cell carcinoma of the
prostate: an immunohistochemical study. Am J Surg Pathol
2006;30:705–12. doi: 10.1097/00000478-200606000-00005.

35. Sun Y, Niu J, Huang J. Neuroendocrine differentiation
in prostate cancer. Am J Transl Res 2009;1:148–62. PMID:
19956427.

36. Humphrey PA. Histologic variants of prostatic carcinoma
and their significance. Histopathology 2012;60:59–74. doi:
10.1111/j.1365-2559.2011.04039.x.

37. Whelan T, Gatfield VT, Robertson S, et al. Primary carcinoid
of the prostate in conjunction with multiple endocrine neo-
plasia IIb in a child. J Urol 1995;153:1080–2. PMID: 7853568.

38. Giordano S, Tolonen T, Hirsimaki S, et al. A pure primary low-
grade neuroendocrine carcinoma (carcinoid tumor) of the
prostate. Int Urol Nephrol 2010;42:683–7. doi: 10.1007/s11255-
009-9660-8.

39. Goulet-Salmon B, Berthe E, Franc S, et al. Prostatic neuroen-
docrine tumor in multiple endocrine neoplasia Type 2B. J
Endocrinol Invest 2004;27:570–3. doi: 10.1007/BF03347481.

40. Freschi M, Colombo R, Naspro R, et al. Primary and pure neu-
roendocrine tumor of the prostate. Eur Urol 2004;45:166–69.
doi: 10.1016/j.eururo.2003.08.014.

41. Evans AJ, Humphrey PA, Belani J, et al. Large cell neuroen-
docrine carcinoma of prostate: a clinicopathologic summary
of 7 cases of a rare manifestation of advanced prostate can-
cer. Am J Surg Pathol 2006;30:684–93. doi: 10.1097/00000478-
200606000-00003.

42. Tu X, Chang T, Nie L, et al. Large cell neuroendocrine carci-
noma of the prostate: a systematic review and pooled anal-
ysis. Urol Int 2019;103:383–390. doi: 10.1159/000499883.

43. Santamaria L, Martin R, Martin JJ, et al. Stereologic estima-
tion of the number of neuroendocrine cells in normal human
prostate detected by immunohistochemistry. Appl Immuno-
histochem Mol Morphol 2002;10:275–81. doi: 10.1097/00129039-
200209000-00016.

44. Aumuller G, Leonhardt M, Janssen M. Neurogenic origin of
human prostate endocrine cells. Urology 1999;53:1041–8. doi:
10.1016/s0090-4295(98)00631-1.

45. Rumpold H, Heinrich E, Untergasser G, et al. Neuroendocrine
differentiation of human prostatic primary epithelial cells in
vitro. Prostate 2002;53:101–8. doi: 10.1002/pros.10129.

46. Bonkhoff H, Stein U, Remberger K. Multidirectional dif-
ferentiation in the normal, hyperplastic, and neoplas-
tic human prostate: simultaneous demonstration of cell-
specific epithelial markers. 1994;25:42–6. doi: 10.1016/0046-
8177(94)90169-4.

47. Goldstein AS, Lawson DA, Cheng D, et al. Trop2 Identifies
a subpopulation of murine and and human prostate basal
cells with stem cell characteristics. Proc Natl Acad Sci U S A
2008;105:20882–7. doi: 10.1073/pnas.0811411106.

48. Long RM, Morrissey C, Fitzpatrick JM, et al. Prostate epithelial
cell differentiation and its relevance to the understanding of
prostate cancer therapies. Clin Sci (Lond) 2005;108:1–11. doi:
10.1042/CS20040241.

49. Abdul M, Anezinis PE, Logothetis CJ, et al. Growth inhibition
of human prostatic carcinoma cell lines by serotonin antag-
onists. Anticancer Res 1994;14:1215–20. PMID: 8074475.

50. Markwalder R, Reubi JC. Gastrin-releasing peptide receptors
in the human prostate: relation to neoplastic transforma-
tion. Cancer Res 1999;59:1152–9. PMID: 10070977.

51. Seethalakshmi L, Mitra SP, Dobner PR, et al. Neu-
rotensin receptor expression in prostate cancer cell
line and growth effect of NT at physiological concen-
trations. Prostate 1997;31:183–92. doi: 10.1002/(sici)1097-
0045(19970515)31:3<183::aid-pros7>3.0.co;2-m.

52. Dizeyi N, Konrad L, Bjartell A, et al. Localization and mRNA
expression of somatostatin receptor subtypes in human
prostatic tissue and prostate cancer cell lines. Urol Oncol
2002;7:91–8. doi: 10.1016/s1078-1439(01)00173-9.

53. Hansson J, Bjartell A, Gadaleanu V, et al. Expression
of somatostatin receptor subtypes 2 and 4 in human
benign prostatic hyperplasia and prostate cancer. Prostate
2002;53:50–9. doi: 10.1002/pros.10121.

54. Halmos G, Schally AV, Sun B, et al. High expression of
somatostatin receptors and messenger ribonucleic acid for
its receptor subtypes in organ-confined and locally advanced
human prostate cancers. J Clin Endocrinol Metab 2000;85:2564–
71. doi: 10.1210/jcem.85.7.6698.

55. Magni P, Motta M. Expression of neuropeptide Y receptors in
human prostate cancer cells. Ann Oncol 2001;12:S27–9. doi:
10.1093/annonc/12.suppl 2.s27.

56. Wu G, Burzon DT, di Sant’Agnese PA, et al. Calcitonin
receptor mRNA expression in the human prostate. Urology
1996;47:376–81. doi: 10.1016/s0090-4295(99)80456-7.

57. Seaton A, Scullin P, Maxwell PJ. Interleukin-8 signaling
promotes androgen-independent proliferation of prostate
cancer cells via induction of androgen receptor expres-
sion and activation. Carcinogenesis 2008;29:1148–56. doi:
10.1093/carcin/bgn109.

58. Araki S, Omori Y, Lyn D, et al. Interleukin-8 is a molec-
ular determinant of androgen independence and progres-
sion in prostate cancer. Cancer Res 2007;67:6854–62. doi:
10.1158/0008-5472.CAN-07-1162.

59. Carvalho-Dias E, Miranda A, Martinho O, et al. Sero-
tonin regulates prostate growth through androgen receptor
modulation. Sci Rep 2017;7:15428. doi: 10.1038/s41598-017-
15832-5.

60. Li Y, He Y, Butler W, et al. Targeting cellular heterogeneity
with CXCR2 blockade for the treatment of therapy-resistant
prostate cancer. Sci Transl Med 2019;11:521. doi: 10.1126/sci-
translmed.aax0428.

61. Burchardt T, Buchardt M, Chen MW, et al. Transdifferentia-
tion of prostate cancer cells to a neuroendocrine cell phe-
notype in vitro and in vivo. J Urol 1999;162:1800–5. PMID:
10524938.

62. Cox ME, Deeble PD, Lakhani S, et al. Acquisition of neuroen-
docrine characteristics by prostate tumor cells is reversible:
implications for prostate cancer progression. Cancer Res
1999;59:3821–30. PMID: 10447001.

63. Kim J, Adam RM, Freeman MR. Activation of the Erk
mitogen-activated protein kinase pathway stimulates neu-
roendocrine differentiation in LNCaP cells independently of
cell cycle withdrawal and STAT3 phosphorylation. Cancer Res
2002;62:1549–54. PMID: 11888934.

64. Zhang XG, Kondrikov D, Yuan TC, et al. Receptor pro-
tein tyrosine phosphatase alpha signaling is involved in
androgen depletion-induced neuroendocrine differentiation
of androgen-sensitive LNCaP human prostate cancer cells.
Oncogene 2003;22:6704–16. doi: 10.1038/sj.onc.1206764.

65. Kim J, Jin H, Zhao JC. FOXA1 inhibits prostate cancer
neuroendocrine differentiation. Oncogene 2017;36:4072–4080.
doi: 10.1038/onc.2017.50.

66. Bang YL, Pirnia F, Fang WG, et al. Terminal neuroen-
docrine differentiation of human prostate carcinoma cells in



34 William Butler and Jiaoti Huang

response to increased intracellular cyclic AMP. Proc Natl Acad
Sci U S A 1994;91:5330–4. doi: 10.1073/pnas.91.12.5330.

67. Cox ME, Deeble PD, Bissonette EA, et al. Activated 3′,5′-
cyclic AMP-dependent protein kinase is sufficient to
induce neuroendocrine-like differentiation of the LNCaP
prostate tumor cell line. J Biol Chem 2000;275:13812–8. doi:
10.1074/jbc.275.18.13812.

68. Deeble PD, Murphy DJ, Parsons SJ, et al. Interleukin-6- and
cyclic AMP-mediated signaling potentiates neuroendocrine
differentiation of LNCaP prostate tumor cells. Mol Cell Biol
2001;21:8471–82. doi: 10.1128/MCB.21.24.8471-8482.2001.

69. Deeble PD, Cox ME, Frierson HF, Jr, et al. Androgen-
independent growth and tumorigenesis of prostate cancer
cells are enhanced by the presence of PKA-differentiated
neuroendocrine cells. Cancer Res 2007;67:3663–72. doi:
10.1158/0008-5472.CAN-06-2616.

70. Sg M, Hulsurkar M, Zhang X, et al. GRK3 is a direct target
of CREB activation and regulates neuroendocrine differenti-
ation of prostate cancer cells. Oncotarget 201;7:45171–45185.
doi: 10.18632/oncotarget.9359.

71. Merkle D, Hoffmann R. Roles of cAMP and cAMP-dependent
protein kinase in the progression of prostate cancer: cross-
talk with the androgen receptor. Cell Signal 2011;23:507–15.
doi: 10.1016/j.cellsig.2010.08.017.

72. Chevalier S, Defoy I, Lacoste J, et al. Vascular endothe-
lial growth factor and signaling in the prostate: more
than angiogenesis. Mol Cell Endocrinol 2002;189:169–79. doi:
10.1016/s0303-7207(01)00728-6.

73. Melegh Z, Oltean S. Targeting angiogenesis in prostate can-
cer. Int J Mol Sci 2019;20: 2676. doi: 10.3390/ijms20112676

74. Chen H, Sun Y, Wu C, et al. Pathogenesis of prostatic small
cell carcinoma involves the inactivation of the p53 pathway.
Endocr Relat Cancer 2012;19:321–31. doi: 10.1530/ERC-11-0368.

75. Tan HL, Sood A, Rahimi HA, et al. Rb loss is characteristic of
prostatic small cell neuroendocrine carcinoma. Clin Cancer
Res 2014;20:890–903. doi: 10.1158/1078-0432.CCR-13-1982.

76. Ku SU, Rosario S, Wang Y, et al. Rb1 and Trp53 cooper-
ate to suppress prostate cancer lineage plasticity, metasta-
sis, and antiandrogen resistance. Science 2017;355:78–83. doi:
10.1126/science.aah4199.

77. Mu P, Zhang Z, Benelli M, Karthaus WR, et al. SOX2 promotes
lineage plasticity and antiandrogen resistance in TP53-and
RB1-deficient prostate cancer. Science 2017;355:84–88. doi:
10.1126/science.aah4307.

78. Otto T, Horn S, Brockmann M, et al. Stabilization of N-Myc
is a critical function of Aurora A in human neuroblastoma.
Cancer Cell 2009; 15:67–78. doi: 10.1016/j.ccr.2008.12.005.

79. Berger A, Brady NJ, Bareja R, et al. N-Myc-mediated epige-
netic reprogramming drives lineage plasticity in advanced
prostate cancer. J Clin Invest 2019;129:3924–3940. doi:
10.1172/JCI127961.

80. Clegg N, Ferguson C, True LD, et al. Molecular character-
ization of prostatic small-cell neuroendocrine carcinoma.
Prostate 2003;55:55–64. doi: 10.1002/pros.10217.

81. Aggarwal R, Quigley DA, Huang J, et al. Whole-genome
and transcriptional analysis of treatment-emergent small-
cell neuroendocrine prostate cancer demonstrates intra-
class heterogeneity. Mol Cancer Res 2019;17:1234–40. doi:
10.1158/1541-7786.MCR-18-1101.

82. Guo H, Ci X, Ahmed M, et al. ONECUT2 is a driver of neu-
roendocrine prostate cancer. Nat Commun 2019;10:278. doi:
10.1038/s41467-018-08133-6.

83. Lapuk AV, Wu C, Wyatt AW, et al. From sequence to molecu-
lar pathology, and a mechanism driving the neuroendocrine
phenotype in prostate cancer. J Pathol 2012;227:286–97. doi:
10.1002/path.4047.

84. Bishop JL, Thaper D, Vahid S, et al. The master neural tran-
scription factor BRN2 is an androgen receptor-suppressed
driver of neuroendocrine differentiation in prostate can-
cer. Cancer Discov 2017;7:54–71. doi: 10.1158/2159-8290.CD-
15-1263.

85. Qi J, Nakayama K, Cardiff RD, et al. Siah2-dependent con-
certed activity of HIF & FOXA2 regulates formation of neu-
roendocrine phenotype & neuroendocrine prostate tumors.
Cancer Cell 2010;18:23–38. doi: 10.1016/j.ccr.2010.05.024.

86. Rotinen M, You S, Yang J, et al. ONECUT2 is a tar-
getable master regulator of lethal prostate cancer that sup-
presses the androgen axis. Nat Med 2018;24:1887–1898. doi:
10.1038/s41591-018-0241-1.

87. Li Y, Donmez N, Sahinalp C, et al. SRRM4 drives neu-
roendocrine transdifferentiation of prostate adenocarci-
noma under androgen receptor pathway inhibition. Eur Urol
2017;71:68–78. doi: 10.1016/j.eururo.2016.04.028.

88. Akamatsu S, Wyatt AW, Lin D, et al. The placental gene PEG10
promotes progression of neuroendocrine prostate cancer.
Cell Rep 2015;12:922–36. doi: 10.1016/j.celrep.2015.07.012.

89. Reina-Campos M, Linares JF, Duran A, et al. Increased ser-
ine and one-carbon pathway metabolism by PKCλ/ι defi-
ciency promotes neuroendocrine prostate cancer. Cancer Cell
2019;35:385–400.e9. doi: 10.1016/j.ccell.2019.01.018.

90. Hsu EC, Rice MA, Bermudez A, et al. Trop2 is a driver of
metastatic prostate cancer with neuroendocrine phenotype
via PARP1. Proc Natl Acad Sci U S A 117:2032–2042. doi:
10.1073/pnas.1905384117.

91. Lee JK, Phillips JW, Smith BA, et al. N-Myc drives neu-
roendocrine prostate cancer initiated from human
prostate epithelial cells. Cancer Cell 2016;29:536–547. doi:
10.1016/j.ccell.2016.03.001.

92. Park JW, Lee JK, Sheu KW, et al. Reprogramming nor-
mal human epithelial tissues to a common, lethal neu-
roendocrine cancer lineage. Science 2018;362:91–5. doi:
10.1126/science.aat5749.


