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Abstract

Neuroendocrine/Aggressive Variant Prostate Cancers are lethal variants of the disease, with an
aggressive clinical course and very short responses to conventional therapy. The age-adjusted
incidence rate for this tumor sub-type has steadily increased over the past 20 years in the United
States, with no reduction in the associated mortality rate. The molecular networks fueling its
emergence and sustenance are still obscure; however, many factors have been associated with the
onset and progression of neuroendocrine differentiation in clinically typical adenocarcinomas
including loss of androgen-receptor expression and/or signaling, conventional therapy, and
dysregulated cytokine function. “Tumor-plasticity” and the ability to dedifferentiate into alternate
cell lineages are central to this process. Epithelial-to-mesenchymal (EMT) signaling pathways are
major promoters of stem-cell properties in prostate tumor cells. In this review, we examine the
contributions of EMT-induced cellular-plasticity and stem-cell signaling pathways to the
progression of Neuroendocrine/Aggressive Variant Prostate Cancers in the light of potential
therapeutic opportunities.
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1. Introduction:

Neuroendocrine prostate cancer (NEPC) is a histological variant of prostate cancer that is
associated with an aggressive and lethal clinical course [1, 2]. While primary/de novo NEPC
is rare with an incidence of <2%, it has been found upon autopsy in up to 20% of men who
have died of castration-resistant prostate cancer (CRPC) [2-7]. In addition, a subset of men
with advanced prostate cancers present with atypical clinical features frequently associated
with NEPC such as lytic bone disease, exclusive visceral disease, and early castration
resistance [2] but without the histological features of NEPC. These have been termed
aggressive variant prostate carcinomas (AVPC) [8] or castration-resistant prostate cancer-
neuroendocrine type (CRPC-NE) [9]. Both AVPC and CRPC-NE have poor prognosis,
respond to platinum-based chemotherapies, and have molecular profiles of histologically
defined NEPC [5]. NEPCs and AVPC/CRPC-NE (henceforth jointly referred to in this
review as “NEPC”) are thought to account for upto a third of all prostate cancer-related
deaths [2-5, 10] (FIG. 1).

There is significant controversy regarding the definition of these variant tumors and their
classification. An ideal approach to identifying/studying these tumors should involve an
integrated consideration of clinical-, morphological- as well as molecular parameters. We
therefore provide here a compilation of widely accepted definition criteria based on all these
parameters. The most commonly used pathological (morphological) classification for these
tumors stems from the efforts of the Prostate Cancer Foundation working committee of 2013
[10]. This classification scheme includes 6 groups and consists of (1) usual prostate
adenocarcinoma, (2) adenocarcinoma with Paneth cell NE differentiation, (3) carcinoid
tumor, (4) small cell carcinoma, (5) large cell NE carcinoma and (6) mixed (small or large
cell) NE carcinoma-acinar adenocarcinoma. The 2016 World Health Organization
classification [11] includes the following categories for neuroendocrine tumors — (1)
adenocarcinoma with neuroendocrine differentiation, (2) well-differentiated neuroendocrine
tumor, (3) small cell neuroendocrine carcinoma and (4) large cell neuroendocrine carcinoma.
Histologically, NEPCs often lack expression of prostate luminal epithelial genes such as
those encoding androgen receptor (AR) and its target gene prostate-specific-antigen (PSA),
which are expressed in typical AR* adenocarcinomas. NEPCs are instead characterized by
immunoreactivity to clinical neuroendocrine (NE) markers such as chromogranin A,
synaptophysin, CD56, and neuron-specific enolase (NSE), although these are not specific.
At the molecular level, these tumors are often characterized by #B1 and PTEN losses and
TP53 mutations or deficiencies, which have been associated in preclinical studies with
androgen independence [8, 12, 13], as well as increased expression/activity of aurora kinase
A and N-Myc [6, 14, 15]. Therefore, while most castration-resistant adenocarcinomas
(adeno-CRPCs) remain dependent on AR signaling [16], clinical and preclinical data
support the androgen-independence of NEPCs [4, 5]. This presents a major therapeutic
challenge since androgen signaling inhibition remains the mainstay of prostate cancer
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treatment. Clinical features of these “anaplastic” prostate carcinomas are also distinct
(outlined in [5]), and include CRPC with at least one of the following 7 criteria: (1)
histological evidence of small-cell prostate carcinoma (pure or mixed), or (2) exclusively
visceral metastasis, or (3) radiographically predominant lytic bone metastasis by plain x-ray
or CT scan, or (4) bulky (=5 cm) lymphadenopathy or bulky (=5 cm) high-grade
(Gleason=8) tumor mass in prostate/pelvis, or (5) low PSA (<10 ng/mL) at initial
presentation (before ADT or at symptomatic progression in the castrate setting) plus high
volume (=20) bone metastases, or (6) presence of neuroendocrine markers on histology
(positive staining of chromogranin A or synaptophysin) or in serum (abnormal high serum
levels for chromogranin A or GRP) at initial diagnosis or at progression. Plus any of the
following in the absence of other causes: (6A) elevated serum LDH (=2 X IULN); (6B)
malignant hypercalcemia; (6C) elevated serum CEA (=2 X IULN), or (7) short interval (<6
months) to androgen-independent progression following the initiation of hormonal therapy.
Clinically, although most NEPC and AVPC/CRPC-NE tumors respond to platinum-based
chemotherapies, these responses are short-lived and most patients die within 12 to 24
months of diagnosis [2, 5, 17]. There are no targeted treatments available. Much of the
“NEPCs” referred to in recent publications is in the context of CRPC, and includes
“anaplastic” tumors in patients that present with a wide range of clinical features and
variable pathological features. The inherent heterogeneity in these tumors, the lack of
understanding of the cellular signaling networks that drive the NEPC and the AVPC/CRPC-
NE, and the inconsistency in biomarker expression in these tumors, underscore the urgent
need for their further study.

2. Neuroendocrine trans-differentiation in prostate cancer evolution and
the origin of NEPC:

As the name suggests, NE cells have functions of both neurons and endocrine cells. In the
normal physiological context, NE cells of the prostate are post-mitotic, terminally
differentiated AR™ cells, and their main role is to maintain tissue homeostasis by providing
paracrine signals to neighboring epithelial cells through neuropeptide secretions [18, 19]. In
prostate cancer, NE cells can either continue to prevail and influence the proliferation rates
of surrounding AR* adenocarcinoma cells or, in theory, can acquire stem cell properties and
potentiate metastatic competence. However, there is no substantial evidence in literature
suggesting that NEPC could evolve from preexisting NE cells in the prostate. Clinically,
NEPCs are only rarely seen in the absence of prior therapy (de novo), and are most
frequently detected during the emergence of treatment resistance (and are hence termed
treatment-induced NEPCs or tNEPCs) [2, 20, 21]. This has led to the proposal that the
process of dedifferentiation to a neuroendocrine state in prostate cancer cells is an adaptive
mechanism for hormonal escape or resistance to androgen-targeting agents [9, 22, 23] (FIG.
2).

The cellular precursor of de novo NEPC is yet uncertain. However, autopsies investigating
classic adeno-CRPC tumors from patients treated with androgen-deprivation therapy (ADT)
revealed the co-existence of NEPC in up to 20% of patients, suggesting a common clonal
origin for NEPC from adeno-CRPC that is induced in response to first-line treatment [5, 24].
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This hypothesis is supported by genetic analyses of human prostate tumors that exhibit
concurrent adeno-CRPC and NEPC demonstrating that 7253 mutations and the classic
prostate-specific TMPRSS2-ERG genetic rearrangements are equally shared by both
subtypes of tumors [25, 26] and by more recent evidence demonstrating that adeno-CRPC
and NEPC can indeed be functionally derived from a common epithelial precursor [14]. A
comprehensive study evaluating whole exome sequencing data of 114 metastatic and normal
biopsy pairs from patients revealed significant genetic overlap between these tumor subtypes
and provided evidence for divergent clonal evolution of the NEPC phenotype that can be
traced back to an adeno-CRPC precursor [9].

Thus, currently available data indicate that NEPC may indeed involve frue trans-
differentiation of adeno-prostate cancer cells into the NEPC phenotype, rather than sefection
and preferential expansion of a few rare NE cells already existing in the prostate. The former
may involve intermediate step/s prior to attaining the NE phenotype. The prevalence of an
NE state (even among advanced adeno-CRPC) has been proposed to reflect an altered
biochemistry adopted by AR* luminal prostate cancer cells in order to fuel growth and
survival due to the following evidence: (7) NE cells express increased levels of anti-apoptotic
gene products such as Bcl-2 [27] and survivin [28] and (77) NE secretory products stimulate
growth of neighboring non-NE cells [19, 22, 29], thereby contributing to both tumor
progression as well as therapy resistance. A recent study quantifying NE marker expression
in circulating tumor cells isolated from serial samples of patients treated with abiraterone
acetate or enzalutamide demonstrated a direct correlation between percent synaptophysin
expression on these cells and emergence of drug resistance [30].

3. Role of tumor plasticity in neuroendocrine trans-differentiation and

NEPC:

Evidence indicates that there may be a spectrum of cellular differentiation states as prostate
tumors progress from AR* adenocarcinomas to AR~ therapy-resistant NEPCs. The epithelial
luminal AR™ state and the AR~ state with expression of neural progenitor markers represent
the two ends of this cellular differentiation continuum. The existence of “transit amplifying
cell populations” with intermediate phenotypes co-expressing markers of both AR* and AR~
cells, confirms the possibility of inter-conversion of one cell type to the other, in response to
specific signals [31]. This capacity to alternate between distinct cell states is referred to as
‘cellular plasticity’.

Recent studies by Aggarwal et al. further attest to the possible existence of intermediate
states as prostate tumors transition from AR* adenocarcinomas to AR~ NEPCs [32]. The
newly proposed “Intermediate Atypical Adenocarcinomas” are a morphologically distinct
set of small-cell NEPCs that retain AR expression and activity similar to adeno-CRPCs but
are associated with shortened survival. Though at this point in time, there aren’t enough
studies yet to corroborate this distinct intermediate state, if substantiated, these NEPC cells
may indeed represent the pathological counterpart of at least a subset of the clinically
defined AVPCs that retain AR expression and yet exhibit an aggressive clinical course.
Attainment of the NE phenotype is presumably dependent on an extensive network of
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transcriptional reprogramming events that provide for the expression and maintenance of
neuronal features.

3A. Down-regulation of AR and/or AR-mediated signaling can induce NE trans-
differentiation:

In LNCaP cells, a widely used androgen-responsive cell line model of human prostate
cancer, silencing of AR using small interfering RNA is sufficient to induce an NE phenotype
with the outgrowth of neuron-like processes [33]. This suggests that AR actively represses
an intrinsic NE trans-differentiation program in androgen-responsive prostate cancer cells. /n
vivo studies also support a protective role for AR in NE plasticity. Castration of mice
bearing AR-dependent CWR22 or LNCaP xenografts significantly increased the quantity of
cells positive for NE markers within the tumor [34]. Further, adenocarcinoma cells derived
from primary patient tumor tissue implanted under the renal capsule of castrated mice
exhibited profound NE differentiation, suggesting that NE plasticity is favored by an
adaptive response to the loss of androgens [23]. These findings suggest that the widely used
androgen ablation therapy may promote NEPCs by inducing plasticity in tumor cells.

Several different AR*/PSA* prostate cancer cell lines can be reprogrammed to intermediary
“metastable” states with cancer stem cell (CSC) properties (exemplified by NE
differentiation markers, an invasive phenotype, and robust tumor-initiating potential) upon
anti-androgen treatment [35, 36]. These states, however, are transient and can be reversed to
AR states by stopping the treatment. A gene signature derived from such reprogrammed
prostate cancer cells was able to distinguish tumors from patients with lethal prostate cancer
from less aggressive tumors [35], further arguing that tumor cell plasticity acquired during
NE trans-differentiation is a major blockade for the clinical management of this disease.
Interestingly, in some cases reprogramming of cells back to an AR* state by the withdrawal
of treatment did ot restore sensitivity to ADT [35]. Many independent studies (below) have
confirmed this concept of “acquired resistance”.

One key distinguishing factor between the two extreme states in the differentiation spectrum
of prostate cancer cells (i.e., AR* adeno-CRPC vs. AR™ NEPC) is their epigenetic profile.
The histone deacetylase EZHZ2 is highly expressed in NEPC, and its increased expression in
clinically localized prostate tumors is associated with poorer prognosis [6, 37, 38]. In PC3,
prostate cancer cells with high metastatic potential and neuroendocrine properties, as well as
in LNCaP cells, which have lower metastatic potential, EZH2 was found to be upregulated
selectively within the CD44*/CD133" population [39], and inducing its degradation using
DZNep (both a S-adenosyl-homocysteine synthesis inhibitor, and a histone methyl-
transferase EZH2 inhibitor), significantly diminished the number of tumor-initiating cells, as
well as attenuated the growth of AR7'°W DU145 cells [40]. Studies using patient-derived
xenografts revealed that in NEPC, the AR promoter is enriched in silencing histone
modifications such as H3K27me3 [41]. Again in this context, EZH2 inhibition resulted in
the restoration of AR expression and growth inhibition in the AR™ NEPC cells.
Accumulation of these epigenetic alterations by AR* adenocarcinoma cells over time may,
therefore, facilitate cellular plasticity seen during the trans-differentiation process.

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Soundararajan et al.

Page 6

As discussed above, NEPC predominantly occurs and is clinically recognized in the context
of CRPC. While approaches exist (albeit with short-term efficacy) to antagonize androgen
biosynthesis or even nuclear translocation of full length AR in prostate cancer cells, the
contribution of AR-V7 (the truncated splice variant of AR that remains unaffected by
enzalutamide/abiraterone) to therapy-resistant disease progression cannot be minimized
[42]. Targeted inhibition of the AR-V7 has remained a challenge. However, since resistance
to ADT has been integrally associated with epigenetic modifications and aberrant tyrosine
kinase signaling, development of suitable epigenetic inhibitors likely holds promise for the
future in this context. Recent reports have demonstrated the contribution of the non-receptor
tyrosine kinase ACK1 in the epigenetic activation of the AR gene locus [43-45]. Targeting
ACK1 using an epigenetic inhibitor not only reduced full-length AR levels, but also reduced
AR-V7 levels to overcome stemness-associated enzalutamide-resistance, and curb
castration-resistant prostate tumor growth [43, 44].

AR-dependent control of NE plasticity is further witnessed in its ability to directly influence
the neural differentiation program. The neural transcription factor Brn2 was identified as an
AR-suppressed driver of NEPC proliferation both /in vitroand in vivo [46]. In the context of
enzalutamide treatment, Brn2 suppression by AR is lost, and this drives NE differentiation.
In patients, high Brn2 expression is a characteristic of NEPC and is correlated with low
serum PSA levels [46]. Interestingly, AR has also been shown to interact directly with a
related neuronal transcription factor Brn3a (a player known for its anti-apoptotic functions)
to promote the expression of the Nav1.7 voltage-gated sodium channel SCN9A, which is
correlated with tumor progression [47-49]. However, AR directly repressed the expression
of the NEPC self-renewal marker Sox2, and inhibiting AR activity viaenzalutamide
treatment robustly upregulated Sox2 expression in multiple prostate cancer cell lines [50].
The absence of circulating gonadal androgens is also known to induce the expression of
adrenomedullin in epithelial LNCaP cells, which, in turn, potentiates neuroendocrine
differentiation and associated neuritic outgrowths with increased serum NSE levels [51].

Gradual acquisition of a neuroendocrine phenotype has been proposed as a counter-response
of prostate cancer cells to radiotherapy. LNCaP cells undergo massive NE differentiation
following fractionated ionizing radiation treatment, with significant increases in NSE and
chromogranin A levels, as well as resistance to androgen depletion-induced growth
inhibition [52]. Although early clinical investigations indicated that chromogranin A levels
are increased in the serum or tumors of patients following radiotherapy [53, 54], the role of
radiotherapy in NEPC remains to be substantiated in the clinic.

Collectively, all these studies point to a reciprocal relationship between the normal AR
signaling axis and the acquisition of NE plasticity that facilitates chemotherapy or
radiotherapy resistance. Importantly, many of these reports also suggest that NEPC
pathophysiology is reversible and highlight the need to identify agents that can undo AR
silencing while simultaneously countering therapy resistance. It should be stressed that NE
markers themselves are unlikely to be significant drivers of disease progression. Rather, they
appear to reflect underlying cellular processes like the epithelial-mesenchymal-transition
(EMT) and are likely downstream of neural and stem cell markers that drive disease
progression.
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3B. EMT-induced plasticity promotes neuroendocrine trans-differentiation and NEPC:

The term EMT is commonly used to refer to a broad set of cell biological alterations that
dictate the conversion of cells from an epithelial state to a mesenchymal state. In the
epithelial state, cells are immobile and non-invasive, performing specialized tissue functions,
and can be biochemically defined by the expression of markers such as E-cadherin or
microRNA miR200. When epithelial cells convert to the mesenchymal state, they gain
migratory and invasive properties. Mesenchymal cells are characterized by the expression of
markers such as N-cadherin, vimentin, or fibronectin. EMT plays a fundamental role during
normal mammalian development as primitive embryonic cells undergo dramatic changes
over time to define the three germ layers. Not surprisingly, EMT also plays a decisive role in
promoting migration of cancer cells to distant sites within the body [55]. The EMT program
equips cancer cells with stem cell properties [56] necessary to survive the harsh
environments at primary and secondary tumor sites as well as in circulation. Following
EMT, epithelial cells also attain the capability of trans-differentiating into other lineages
such as adipocytes, astrocytes, and chondrocytes [57].

Recently, a critical “master-switch” capable of mediating the core EMT program [58] was
identified to induce NE differentiation in epithelial prostate cancer cells [59]. A growing
mass of evidence suggests that untoward activation of EMT pathways may facilitate the
development of prostate cancer and hasten progression to the advanced therapy-resistant
state [59-64]. Many studies also support the view that ADT or inhibition of AR signaling
can actually promote the onset of EMT [65, 66]. Arguably, the ability of tumor cells to
transition from the epithelial to the mesenchymal state equips them with the ability to mount
an adaptive response to a variety of signals — one manifestation of this phenomenon is drug
resistance.

At the cellular level, EMT in prostate cancer cells is accomplished by a myriad of
transcription factors that each contribute to an interrelated signaling network that ultimately
charges the cell with plasticity. Well-recognized EMT inducers in prostate tumorigenesis
include Twist, Snail, Slug, and E-cadherin repressors (such as Zeb1/2), which are also
known to play roles in regulating NE differentiation. Overexpression of Snail in epithelial
LNCaP cells results in robust induction of EMT with simultaneous expression of markers of
terminal NE differentiation [59, 67]. LNCaP C-33 cells, which bear a neuroendocrine
phenotype, endogenously express high levels of Snail. Further, inhibition of Snail expression
in neuroendocrine-like PC3 cells abolishes NE differentiation attributes and also
significantly down-regulates the pluripotency factor Sox2 [68]. Similarly, loss of Slug (a
related zinc finger transcription factor) is sufficient to block EMT in PC3 cells [69].

The T-box EMT factor Brachyury (an independent biomarker of poor prognosis in prostate
cancer patients) has also been shown to promote neuroendocrine differentiation in
conjunction with resistance to cytotoxic drugs [70]. Interestingly, EMT has also been
implicated downstream of the TMPRSS2-ERG gene fusion event, which is by far the most
commonly observed chromosomal rearrangement in prostate tumors [71, 72]. In this event,
the androgen-responsive TMPRSSZ2 promoter is juxtaposed with the erythroblast
transformation-specific transcription factor ERG. Although data from genomic studies
suggest that ERG-positive cancers are luminal, this molecular rearrangement is observed in
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approximately 50% of NEPCs [73]. TMPRSS2-ERG-overexpressing prostate cells undergo
robust EMT, with upregulation of transcription factors Zeb 1 and Zeb2. Leshem et al.
demonstrated that TMPRSS2-ERG directly binds to the promoter of ZebZ, as well as
promoters of the Zeb2 modulators IL1R2 and SPINT1 [71].

Another recognized feature in the process of NE differentiation of prostate tumor cells is the
down-regulation of REST (Repressor Element-1 Silencing Transcription factor) [74], an
event that also promotes EMT. REST is a transcriptional repressor for neuron-specific genes
and is often referred to as the master negative regulator of neurogenesis. Reduction in REST
expression has been causally associated with NE differentiation of prostate tumor cells [75,
76], is observed in tissue from relapsed prostate cancer patients, and has been shown to
predict early recurrence of the disease [74]. Also notably, long-term loss in REST expression
has been shown to facilitate EMT and stemness properties when prostate cancer cells gain
NE plasticity (with enhanced expression of Twist and CD44) [77]. As a corollary, enforced
expression of REST in hormone-refractory CWR22Rv1 prostate cancer cells
transcriptionally repressed Twistl and CD44 expression with consequent reduction in cell
migration and sphere formation potential.

4. The relevance of “stemness” in NEPC initiation and progression:

Normal tissue stem cells have long been viewed as “targets for transformation” in the origin/
expansion of many solid tumors including the prostate [78, 79]. The prostate epithelium is
composed of at least three different types of cell populations that could potentially foster
normal tissue stem cells — luminal, basal, and neuroendocrine. Luminal (secretory) cells
typically express high AR and PSA and low molecular weight keratins (K8 and K18),
whereas basal cells have undetectable AR and PSA and are rich in high molecular weight
keratins (K5 and K14) as well as in p63. NE cells are a rare subpopulation named for their
morphology (neural-like outgrowths) and their secretions (neuropeptides). They are defined
immunohistochemically by the presence of cytoplasmic markers (chromogranin A,
synaptophysin, or NSE), and show dense granules at the ultrastructural level. The luminal
and basal cells of the prostate derive from the urogenital sinus (UGS), whereas NE cells are
believed to have a dual origin including the UGS and the neural crest [80].

Although early experiments alluded to the existence of a “stem cell-like” population within
the normal prostate with marked capacity for both self-renewal and differentiation [81, 82],
their origin and tissue-residence is a highly debated topic. It is unclear which cell type
supports the continued existence and function of normal tissue-resident stem cells, and it is
also unclear which cell type spurs tumorigenesis in the prostate. This is obscured by the lack
of clear-cut markers, and also because of the existence of intermediate states as cells
transition over time to a more pathological phenotype. The selective endurance of basal cells
to androgen-ablation has favored the view that prostate stem cells subsist in the basal layer
of the prostate [81, 83]. In further support of this, K5/K14/p63-expressing multipotent basal
progenitors were found to give rise to basal, luminal, and NE lineages of the prostate [84,
85]. Additionally, Sca-1-expressing basal cells have robust self-renewal capacity as well as
prostate-regeneration potential [86, 87]. Markers such as Trop2, CD166, and CD49f further
enrich for the stem cell activity of Sca-1* cells [86, 88]. Slow-cycling basal cells displaying

Biochim Biophys Acta Rev Cancer. Author manuscript; available in PMC 2019 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Soundararajan et al.

Page 9

the antigenic profile of Lin~Sca-1*CD44*CD133*CD117* successfully regenerate prostatic
tissue, further supporting the hypothesis of the basal origin of the prostate tissue stem cell
[89]. However, long-term label-retaining experiments suggest that stem cells may originate
from eitherthe basal orluminal layer of the prostate [90]. In a more recent study using a
lineage-tracing approach, a rare luminal population of castration-resistant cells expressing
NKX3.1 (a member of the NK family of homeobox genes) were shown to contribute to the
expansion of multiple lineages of prostate cells [91]. Also, single luminal epithelial cells
expressing NKX3.1 robustly generate prostate organoids exhibiting functional AR signaling
and normal tissue architecture containing both luminal and'basal cells [92]. Luminal cell-
derived organoids more closely resemble prostate glands than do organoids derived from
basal cells [93].

The role of NE prostate cells as normal tissue-resident stem cells is largely speculative.
Some early studies performed in transgenic mouse models, which employed regulatory
elements from the cryptdin-2 gene to express SV40 large T antigen in prostatic NE cells,
indicate that transformation of normal prostatic NE cells can possibly contribute to NEPC
tumorigenesis [94], however, this view is yet to be substantiated in the clinic. Instead,
overwhelming evidence supports the alternate model of trans-differentiation of classical
luminal adenocarcinomas to the NEPC phenotype.

5. Stem cell signaling pathways fuel tumor plasticity in NEPC:

Conservatively, a prostate tumor cell can be considered a cancer stem cell if it is capable of
both initiating a tumor and generating the cellular heterogeneity for long-term sustenance of
the tumor. Absolute demonstration of such a population of cells remains a challenge in
patients with NEPCs. However, prostate cancer cells with stem-cell properties have long
been implicated in tumor initiation and/or therapy resistance. Many of the commonly
accepted “stem cell” markers employed in analysis of other cancers have also been deemed
to identify CSCs in NEPC. For example, Sox2 has been proposed as a critical prerequisite to
sustain the replicative potential of prostate CSCs [95] and to foster metastasis [96]. In 2009,
Huang and co-workers reported the selective association of CD44 expression with NE cells
of human prostate tumors [97]. In fact, while 100% (n=11) of the prostatic small-cell NE
carcinomas examined exhibited CD44 expression, only a minority of NE carcinomas of
other organs (from a total n of 47) shared a similar profile [98]. CD44* PSA7IOW cells were
also shown to be tumor-initiating and castration-resistant, to be capable of giving rise to
CD44~ cells, and to express NE markers [59, 99], collectively suggesting that CD44 can
uniquely index human NEPCs as a stem cell marker. The pluripotency factor Oct4 has also
been demonstrated to mark cells that express chromogranin A in human NEPC [100].

Studies from several labs have shown that epithelial tumor cells that have passaged through
EMT gain potent stem cell properties including metastatic competence and drug-resistance
[56, 59, 101-104]. The Forkhead transcription factor FOXC2 was recently proposed as a
unique identifier of the stem cell phenotype in NEPC, with acquisition of FOXC2 by AR*
prostate cancer cells correlating with NE trans-differentiation as well as with resistance to
enzalutamide (ADT) and docetaxel [59]. Loss of FOXC2 function appears to be sufficient to
bring about a phenotypic conversion from NE to luminal epithelial with concomitant
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restoration of AR and PSA expression as well as sensitivity to ADT both /in vitroand in vivo
[59].

Many stem cell-associated signaling cascades are reported to facilitate acquisition of “NE
status” in prostate tumor cells (FIG. 3). Cultured androgen-dependent LNCaP cells, as well
as the highly metastatic androgen-independent PC3-M cells gain NE characteristics /n vitro
in response to treatment with physiological and pharmacological agents that elevate
intracellular cAMP (phosphodiesterase inhibitors, epinephrine, isoproterenol, forskolin, and
dibutyryl cAMP), cytokines (IL6), or growth factors (EGF, HB-EGF) [29, 105, 106]. LNCaP
tumors growing in castrated male nude mice have significantly increased numbers of
chromogranin A* NE cells, supporting the hypothesis that some of these signaling factors
may indeed be functional in the tumor microenvironment [107]. Similar results were
obtained with C4-2 cells, which are representative of later stages of the disease [29],
suggesting that NE differentiation can occur at multiple stages of prostate tumor
progression. Interestingly, withdrawal of these inducing agents rapidly resulted in loss of the
NE phenotype as well as mitogenic activity, suggesting that NEPC can be arrested or even
reversed.

The human male-specific proto-cadherin PCDH-PC is another factor reported to down-
regulate the ligand-dependent activity of AR [108] and stimulate NE trans-differentiation by
activating Wnt signaling [109]. Wnt has been directly implicated in facilitating NE
differentiation and increased survival of prostate tumor cells both /n vitro [110] and in vivo
[111]. Overexpression of PCDH-PC drives NE differentiation and resistance to docetaxel. In
direct concord, inhibition of PCDH-PC expression in NE cells resensitizes them to this drug
[108]. PCDH-PC expression also correlates with NE features in human prostate cancer
tissue [108]. Interestingly, one of the proposed downstream effects of the TMPRSS2-ERG
chromosomal rearrangement in prostate cancer cells is activation of the Wnt signaling
cascade with LEF1 as a critical mediator of its functional effects related to EMT [112].

In addition to androgen deprivation, which results in obvious alterations in normal AR
function, interleukin-6 (IL6) is viewed as a critical regulator of NE plasticity of prostate
cancer cells. IL6 is a pleiotropic inflammatory cytokine capable of directing multiple
cellular responses to stress. Clinical studies have shown that the serum IL6 levels (as well as
levels of TGFp1, a physiological inducer of EMT) are significantly elevated in patients with
aggressive, metastatic prostate cancer and are correlate with tumor burden [113]. IL6 actions
in prostate tumor cells are mediated via downstream PI3K/AKT, JAK/STAT, or MEK/ERK/
MAPK pathways [114]. Treatment of LNCaP cells with IL6 induces PI3K signaling and NE
differentiation, whereas addition of androgens blocks this transition. IL6-induced NE
differentiation of LNCaP cells involves REST-mediated up-regulation of activated AMPK
and a marked down-regulation of phosphorylated mTOR [115].

Functional loss of the tumor suppressors RB1 and TP53 also promotes the transition of AR-
dependent luminal epithelial cells to AR-independent basal-like stem cells and confers
resistance to anti-androgen therapy [38]. The combined deficiency of both RB1 and TP53
synergistically drives the trans-differentiation to the NE phenotype and the resistance to AR
antagonists in prostate cancer. This effect is, at least in part, mediated by the reprogramming
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factor Sox2. The mitotic deregulation observed in AR~ NEPC models is associated with loss
of RB1 [116]. In corroboration, a recent study using patient NEPC tissues observed that
RB1 loss is indeed a common event and a critical regulator in the development of this
disease [117].

The p38 MAPK pathway promotes NE trans-differentiation in prostate cancer cells via up-
regulation of the FOXC2-mediated EMT signaling cascade [59]. FOXC?2 is a direct target of
p38 MAPK [59, 118]. Phosphorylation of this central EMT regulator by p38 MAPK
enhances its protein stability and facilitates gain of NE features with concomitant loss of
luminal epithelial traits (including AR and PSA expression). FOXC2-mediated NE trans-
differentiation is also accompanied by a marked increase in resistance to enzalutamide and
docetaxel [59]. Notably, systemic inhibition of p38 MAPK signaling in mice bearing
neuroendocrine DU145 xenografts restores AR expression in these tumors as well as
sensitivity to enzalutamide and also results in a significant loss in circulating tumor cell
count [59]. These data further attest to the reversibility potential of NEPCs.

The oncogenic transcription factor N-Myc and its stabilizing cell cycle-regulatory kinase,
aurora kinase A (which are both highly expressed in NEPC) were also shown to be sufficient
to drive an AR™ NE phenotype in preclinical studies [6, 14]. Of the three most important
members of the Myc family implicated in the genesis of multiple tumor types (C-Myc, N-
Myc and L-Myc), N-Myec is neural-specific and important for expression of neuroendocrine
markers [6]. Inhibition of aurora kinase A (which can induce EMT in other cancer types)
using PHA-739358 effectively curbed the growth of NE tumor cells both /n vitroand in
vivo. In a unique tissue regeneration model of prostate cancer developed from human patient
epithelial cells, enforced expression of N-Myc and the activated form of AKT1 (also
frequently altered in prostate cancers ) was shown to result in robust induction of NEPC
[14]. N-Myec-driven transcriptional reprogramming of prostate tumor cells toward NEPC
likely involves EZH2 function [119]. It appears that unregulated expression of N-Myc
coupled with either loss of PTEN or gain of AKT1 function results in down-regulation of
AR expression and/or activity and development of NE features. These studies have driven
the assessment of aurora kinase inhibitors in clinical trials for NEPC [120].

It is clear that a myriad of commonly employed pleiotropic cellular signaling pathways fuel
NEPC traits in prostate cancer cells. It is hence not surprising that the phenomenon of
neuroendocrine plasticity operates in a variety of tumors (including tumors of the nervous
and hematologic systems and neuroendocrine tumors in other organs) [121-123], which may
form an instructive basis for exploring potential common features and drivers.

6. Role of preclinical models in the study of NEPC plasticity:

As described above, current studies support the model that the NEPC clinical phenotype
develops either through evolution of adeno-CRPC due to increased plasticity of epithelial
tumor cells and/or through loss of AR expression resulting in resistance to anti-androgen
therapy. However, the NEPC/AVPC clinical phenotype is heterogeneous both with respect to
histology and genomic alterations. This heterogeneity presents a unique challenge to
researchers seeking to recapitulate the clinical phenotype. Preclinical studies have
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demonstrated that combined loss of tumor suppressors 7P53, RB1, and/or PTEN in luminal
epithelial cells of the prostate leads to NEPC phenotype in mouse models with tumor cell
lineage plasticity and loss of AR/luminal epithelial markers as observed in NEPC and AVPC
human tumors selected by clinical criteria [8, 38, 124-126]. These mouse models can
therefore be used to dissect underlying mechanisms and to test for reversal of the AR~
phenotype. Interestingly, these mice have elevated expression of the pluripotency marker
Sox2, indicating the potential association of the AR™ phenotype with cellular pluripotency
[12].

Defining the role of EMT signaling in these mouse models will provide key mechanistic
insights linking tumor suppressor loss with tumor cell plasticity. Although loss of tumor
suppressors is highly associated with shorter duration of response to androgen therapy and
development of the NEPC phenotype, other genetic alterations such as amplification of V-
Myc and the gene encoding aurora kinase A are also associated with a subset of NEPCs.
Gene expression analyses of tumors from mouse models with overexpression of N-Myc in
epithelial cells of the prostate indicate that activation of EMT signature genes is highly
associated with development of the NEPC tumor type [119]. Notably in preclinical models,
prostate cancer induced by either loss of tumor suppressors or overexpression of N-Myc
demonstrate that alterations in the luminal epithelial cells of the prostate can indeed result in
the development of an NEPC phenotype, thereby uniformly supporting a minimal model in
which trans-differentiation of luminal epithelial cells bestows NEPC plasticity in the prostate
gland.

Patient tumor-derived xenograft (PDX) models such as those described by Tzelepi et al.
[116] and Aparicio et al. [127] with supporting clinical annotation serve as extremely
important complementary tools for examining the reversal of the AR™ phenotype in response
to various drugs. Although these models are limited in their capability for the study of
metastatic behavior of NEPC cells, the analyses of such PDX models allows us to address
the true clinical heterogeneity exemplified in the NEPC phenotype, which is not possible in
various mouse models bearing defined genetic alterations such as loss of tumor suppressors
or overexpression of N-Myc. An understanding of both mouse genetics and PDX model
cellular and genetic phenotypes will be critical for delineating signaling pathways linking
AR re-expression to restored anti-androgen therapy response in the clinical NEPC/AVPC
setting.

7. Conclusions and perspectives:

NEPC is a critical clinical challenge, particularly relevant with the increasing- and
widespread use of next generation AR therapy such as abiraterone and enzalutamide. One
feature of non-AR driven NEPC is the expression of NE markers. However, NE
differentiation (indicated by the positive scoring of clinical NE markers in typical prostate
adenocarcinomas by immunohistochemistry) often appears during the castration-resistant
progression of the disease. Although /n vitro studies suggested that NE markers have tumor-
promoting features, their expression has also been linked to deviant up-regulation of neural
and stem cell markers that may indeed be the fundamental drivers of tumor aggressiveness
and drug resistance in NEPC. It is, however, important to consider that beyond NEPC, the
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driving EMT/stem cell-signaling mechanisms promoting tumor plasticity could be
implicated in the broader AVPC/androgen-indifferent subset of cells, thus offering
opportunities for therapy. Combined alterations in the TP53, RB1, and PTEN marker profile
are consistently associated with AVPC and androgen independence. While this indication
indeed serves as a potential diagnostic, the signature by itself does not provide for a directly
actionable target. The discovery and validation of an underlying core EMT/stem cell
signaling pathway, however, could result in an actionable biology that can be translated into
therapy. It remains to be determined if combined EZH2/ACK1 with p38 MAPK inhibition
will boost the degree or duration of response to platinum-based therapies in this context.
Understanding the functional roles of EMT and stem cell signaling in restoring the luminal
epithelial program in neuroendocrine prostate cancer cells should expedite the development
of biomarkers for prognosis, as well as clinical therapies for these lethal tumors.
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Highlights/Key Points

. NEPCs/AVPCs are lethal variants with short responses to therapy, accounting
for upto a third of all prostate cancer deaths

. These variant tumors often lack expression of AR, and are hence resistant to
mainstay androgen-deprivation therapy

. Tumor plasticity potentiates neuroendocrine differentiation during cancer
evolution, facilitating their origin and/or sustenance

. EMT/stem-cell pathways promote cellular plasticity in prostate tumor cells,
fueling their therapy-resistance and metastatic competence

. Testing and validation of inhibitors of EMT and/or stem-cell pathways may
provide targeted-therapy options for this class of patients
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Castration Resistant Prostate Cancer (CRPC)
(10-20% of advanced prostate cancer)

Prostatic
adenocarcinoma
Neuroendocrine Prostate Cancer
(10-20% of
advanced CRPCs)

Aggressive Variant Prostate Carcinoma
(~10% of
advanced CRPCs)

Figure 1. Incidence of AVPCs (Aggressive Variant Prostate Cancers) and NEPCs
(Neuroendocrine Prostate Cancers).

Around 10-20% of advanced prostate cancer patients develop CRPCs (castration resistant
prostate cancers). Among these, AVPCs are observed in about 10% of CRPC patients, and
NEPCs are observed in 10-20%. AVPCs and NEPCs are highly aggressive and may express
neuroendocrine markers. These tumors are characterized by clinical androgen indifference,
and simultaneous loss of AR (androgen receptor) and PSA (prostate-specific antigen)
expression.
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Figure 2. Models explaining potential evolution of AVPCs/NEPCs.
This schematic depicts potential origin of cells that possibly populate various NEPC tumors.

The cellular origin of de novo AVPCs/NEPC:s is still debated. There is considerable
consensus that widespread use of chemotherapy as well as secondary anti-androgen
(abiraterone or enzalutamide) therapy of CRPCs results in trans-differentiation of epithelial
adenocarcinoma cells into treatment-induced aggressive cancers (tNEPCs/tAVPCs) that lack
AR-, PSA- or REST expression, but instead express various neuroendocrine markers (CgA,
SYP, or NSE) as well as anti-apoptotic gene products such as Bcl2 and Survivin. Several
recent mechanistic studies have shown that the EMT program plays a critical role in
bestowing tumor cells with “plasticity” required to successfully adopt alternate states such as
the neuroendocrine phenotype. Prostate cancer cells may transition through multiple
intermediary cell states (of varying degrees of stemness/differentiation) during
neuroendocrine tumor evolution. The luminal epithelial AR* adenocarcinoma (AR*/PSA*/
REST) and the neuroendocrine AR™ variants (AR™/PSA™/REST/CgA*/SYP*/NSE*/
Bcl2*/Survivin*) represent the two ends of this continuum. While distinct molecular markers
are often associated with the two extreme cell states, it is important to note that not all of
these markers are simultaneously expressed/absent in every case. Clonal selection within
adenocarcinomas may also preferentially enrich for neuroendocrine stem-cell traits. There is
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lesser evidence that these aggressive variants might potentially arise via transformation of
normal adult prostate tissue stem cells. The role of radiotherapy in this context is also not
substantiated in the clinic. The colors depicted in the NEPC tumors in this schematic (on the
right) are meant to reflect on potential origin of cells responsible for populating the ultimate
NEPC tumor bulk. Green represents adeno-CRPC cells; Red represents NE cells; Brown
represents tissue-resident stem-cells. AR, androgen receptor; PSA, prostate-specific antigen;
REST, Repressor Element-1 Silencing Transcription factor; adeno-CRPC, castration-
resistant adenocarcinomas; AVPC, aggressive variant prostate carcinoma; NE,
neuroendocrine; NEPC, neuroendocrine prostate cancer; CRPC, castration-resistant prostate
cancer; EMT, epithelial-mesenchymal transition; NSE, neuron-specific enolase; CgA,
chromogranin A; SYP, synaptophysin.
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Figure 3. Signaling pathways and molecular players implicated in AVPCs/NEPCs.
Attainment of the aggressive variant/neuroendocrine phenotype is presumably dependent on

an extensive network of transcriptional reprogramming events that provide for the
expression and maintenance of neuronal/stemness features. Various stem cell self-renewal
pathways and molecules such as Wnt, Notch, Hedgehog, Sox2, Oct4, and CD44 have been
shown to promote generation of AVPC/NEPC cells. Inhibition of miR200 and increase in
EMT-inducing transcriptional factors (e.g., FOXC2, Snail, Twist, Zeb) induces an NEPC-
like phenotype in prostate cancer cells. Multiple autocrine and paracrine signaling pathways
(such as IL6, EGF, TGFB, PISBK/AKT/mTOR, and p38 MAPK) facilitate induction and
maintenance of the neuroendocrine phenotype. Genetic alterations including genomic
amplifications of N-Myc and aurora kinase A, genomic loss of RB1and PTEN, as well as
genomic loss or point mutations of 7P53are also associated with the generation of these
aggressive variants. AVPC, aggressive variant prostate carcinoma; NEPC, neuroendocrine
prostate cancer.
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