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As a common therapy for prostate cancer, androgen deprivation therapy (ADT) is effective

for the majority of patients. However, prolonged ADT promotes drug resistance and

progression to an aggressive variant with reduced androgen receptor signaling, so called

neuroendocrine prostate cancer (NEPC). Until present, NEPC is still poorly understood,

and lethal with no effective treatments. Elevated expression of neuroendocrine related

markers and increased angiogenesis are two prominent phenotypes of NEPC, and both

of them are positively associated with cancers progression. However, direct molecular

links between the two phenotypes in NEPC and their mechanisms remain largely unclear.

Their elucidation should substantially expand our knowledge in NEPC. This knowledge, in

turn, would facilitate the development of effective NEPC treatments. We recently showed

that a single critical pathway regulates both ADT-enhanced angiogenesis and elevated

expression of neuroendocrine markers. This pathway consists of CREB1, EZH2, and

TSP1. Here, we seek new insights to identify molecules common to pathways promoting

angiogenesis and neuroendocrine phenotypes in prostate cancer. To this end, our focus

is to summarize the literature on proteins reported to regulate both neuroendocrine

marker expression and angiogenesis as potential molecular links. These proteins, often

described in separate biological contexts or diseases, include AURKA and AURKB,

CHGA, CREB1, EZH2, FOXA2, GRK3, HIF1, IL-6, MYCN, ONECUT2, p53, RET, and

RB1. We also present the current efforts in prostate cancer or other diseases to target

some of these proteins, which warrants testing for NEPC, given the urgent unmet need

in treating this aggressive variant of prostate cancer.

Keywords: new therapeutics, molecular mechanisms, angiogenesis, neuroendocrine prostate cancer,

neuroendocrine phenotype

INTRODUCTION

In the United States, prostate cancer is responsible for the secondmost cancer death inmen, behind
lung cancer. It is estimated that about 31,620 deaths in 2019 in USA are caused by prostate cancer
(www.cancer.org). Androgen deprivation therapies (ADT) that target the androgen receptor (AR)
is the main treatment for prostate cancer (1–4). ADT is effective initially. However, the majority of
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tumors invariably relapse and progress, becoming castration
resistant prostate cancer (CRPC) (1–4). Frequently associated
with ADT resistance is the emergence of neuroendocrine prostate
cancers (NEPC) that have a poor prognosis with no effective
treatment (5–8). With the common use of new generation potent
ADT into clinic, the incidence of NEPC is rising (6, 9–12).

NEPC are highly vascularized (13, 14). Increased angiogenesis
and expression of NE markers are two prominent phenotypes
of NEPC (13–16) and are expected to be molecularly linked.
However, direct molecular connections between these two
phenotypes in NEPC remain largely unclear. The main purpose
of this review is to summarize the reported and potential
connections between the regulation of increased angiogenesis
and expression of NE markers. Further, we analyze the
implications of these connections for prostate cancer. Our goal
is to identify key regulators of both characteristics as potential
targets for NEPC, with the hope of hitting two birds with one
stone to achieve better therapeutic efficacy and fewer side effects.

NEUROENDOCRINE PHENOTYPE IN
PROSTATE CANCER

Approximately 20% of lethal CRPCs have a neuroendocrine
(NE) phenotype, and thus are called NEPC or CRPC-NE
(5, 17–19). NEPCs often lose AR signaling, become resistant
to ADT, and express NE markers, such as neuron-specific
enolase 2 (ENO2), synaptophysin (SYP), chromogranin A and B
(CHGA and CHGB) (5–8). Features of NEPC include elevated
angiogenesis, high proliferative rates, and metastatic propensity
(20). Unfortunately, there is no effective therapy against NEPCs.
They respond only transiently to chemotherapy (17, 20–24).

Clinical data, including genomic analyses of metastatic
tumors, and preclinical studies suggest an evolution of CRPC-NE
from a prostate adenocarcinoma precursor (25–27). Researchers
are beginning to unfold the signaling events involved in NEPC
development (6, 17, 24). General knowledge of NEPC has been
elegantly reviewed (19, 20, 24, 28–32). A number of proteins
have been reported to contribute to NEPC progression. These
proteins include Aurora kinase A and B, BRN2, CREB1, DEK,
EZH2, FOXA2, GRK3, HIF1, IL-6, MYCN, ONECUT2, PEG10,
p53, REST, RB1, SRRM4, SOX2 et al. (33–44).

ANGIOGENESIS IN PROSTATE CANCER

As a basic physiological process, angiogenesis usually occurs
in embryonic development, tissue repair and fertility to form
new blood vessels resulted from the extension of pre-existing
vasculature. In addition, angiogenesis is also accompanied
by chronic inflammation, tumor growth and metastasis (19).
Actually, angiogenesis is a dynamic process involves interaction
between endothelial cells and their extracellular environment.
There are two main types of angiogenesis in vivo, including
sprouting angiogenesis (sprouting of vascular endothelia from
pre-existing capillary endothelia into the surrounding tissues)
and non-sprouting angiogenesis (division of pre-existing

capillaries by tissue pillars into new daughter vessels) (19, 45–
47). The formation of new blood vessels depends on a balanced
process that are regulated by many factors (48). Angiogenic
activators include angiopoietins, CCL2, EGFL6, endothelins,
FGF, HIF1, IGF1, MMPs, PDGF, TGF, VEGF, and et al. (48–56).
On the other hand, angiostatin, endostatin, TSP1, and PAI2 are
among the endogenous inhibitors of angiogenesis (57–60).

Angiogenesis is involved in prostate cancer survival,
progression, and metastasis (61). Its importance in prostate
cancer has been established (62, 63). Higher microvessel density
is associated with worse prognosis in prostate cancer (64, 65).
VEGF as well as some neurosecretory peptides, e.g., serotonin,
bombesin, and gastrin, have been shown to boost angiogenesis
in NEPC (15). We recently reported that ADT repression of
thrombospondin 1 (TSP1 or THBS1), a potent endogenous
angiogenesis inhibitor, contributes to angiogenic phenotype in
NEPC (66). Several reviews have already described the current
knowledge and therapeutic development targeting angiogenesis
in prostate cancer (61, 67, 68).

CLINICAL CORRELATION OF
NEUROENDOCRINE PHENOTYPE,
ANGIOGENESIS AND PROGNOSIS IN
PROSTATE CANCER

Several research groups have shown positive correlations between
NE marker expression and angiogenesis in prostate tumors.
Higher neovascularization and VEGF staining are observed
in prostate tumors with more NE tumor cells (16, 69, 70).
Grobholz et al. detected NE marker CHGA and angiogenic
marker CD34 in 102 prostatectomy prostate tumor specimens.
They found that poorer pathological staging correlates with
increased neovascularization and stronger NEmarker expression
(16). Harper et al. found a positive correlation between VEGF
and CHGA levels in 45 prostatic carcinoma specimens (67, 70–
72). Borre et al. analyzed VEGF and CHGA expression in 221
prostate tumors (62). They found only tumors with strong
expression of both VEGF and NE showed significantly poor
clinical characteristics such as highermicrovessel density, T stage,
dedifferentiation, and shorter disease-specific survival.

PROTEINS AND PATHWAYS REGULATING
BOTH NE PHENOTYPE AND
ANGIOGENESIS

It remains largely unclear whether neuroendocrine
differentiation and angiogenesis regulate each other in NEPC. It
is also unclear what proteins directly link these two prominent
characteristics of NEPC. Our literature search did not yield
reports showing direct involvement of pro-angiogenic factors
VEGF and neurosecretory peptides (serotonin, bombesin, and
gastrin) in promoting NE marker expression. On the other hand,
among the NE marker proteins, only CHGA (73, 74) has been
shown to directly contribute to angiogenesis. As summarized
below and depicted in Figure 1, several signaling proteins have
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FIGURE 1 | Targeting molecules common to pathways promoting angiogenesis and neuroendocrine phenotype in prostate cancer. Androgen derivation therapy (ADT)

elevates cAMP level, which activates PKA, resulting in phosphorylation and activation of CREB1. Activated CREB1 directly induces transcription of several genes

involved in neuroendocrine differentiation (NED) and angiogenesis, such as VEGF, ENO2, GRK3, and HDAC2. VEGF is a potent pro-angiogenic factor, while ENO2 is a

neuroendocrine marker. GRK3 promotes angiogenesis, NE marker expression, and prostate cancer progression. HDAC2 is critical for prostate cancer progression

that is induced by chronical bio-behavioral stress and signals from beta adrenergic receptors (ADRBs). GRK3 and HDAC2 promotes angiogenesis, at least in part

through downregulating TSP1. TSP1 is well-established as an anti-angiogenesis factor. Through unclear mechanisms, CREB1 activation enhances the PRC2 function

of EZH2, which is critical for NED and angiogenesis induced by ADT. In endothelial cells, VEGF induces EZH2 expression and activity, which contributes to VEGF’s

action in promoting angiogenesis. Loss of p53 and RB1, alone or in cooperation, promote angiogenesis and NE phenotype through multiple mechanisms (detailed in

text). IL-6 pathway activation enhances angiogenesis (through inducing VEGF) and NE phenotype (through inducing CHGA). AURKA interacts with N-Myc and

regulates the stability of the latter, which promotes NED. AURKA and AURKB regulate angiogenesis in endothelial and neuroblastoma cells. HIF1A promotes

angiogenesis through inducing VEGF. Moreover, it also cooperates with FoxA2 to promote NED and tumorigenesis. ONECUT2 has recently emerged as a master

regulator of NED. Recent studies have also implicated receptor tyrosine kinase RET in regulating NED and angiogenesis. Novel strategies targeting the proteins and

pathways that regulate both prominent phenotypes may be effective to treat NEPC (detailed in text).

been reported to regulate both angiogenesis and NE marker
expression, often in separate diseases or biological contexts.
These proteins are potential molecular links between the two
important characteristics of NEPC.

CHGA
CHGA is one of the classic markers for NEPC. It is a
secreted glycoprotein that shows paradoxical properties in
angiogenesis (71, 73–75). Recent studies showed CHGA
can be proteolytically cleaved into active peptides by
thrombin. This cleavage shifts its function from anti- to
pro-angiogenesis under pathophysiologic conditions, which
could be observed in prothrombin activation or multiple

myeloma (73, 74). Its function in angiogenesis in NEPC is
still unclear.

p53 and RB1
p53 and RB1, two most prominent tumor suppressors, have
been implicated in both angiogenesis and NE marker expression
in separate studies. Mutations and loss of p53 or RB1 are
common alterations in prostate cancer patients (76). Tumors
containing p53 mutations are usually more vascularized than
tumors harboring wild type p53. This pattern has been observed
in several independent clinical studies on prostate, colon, and
breast cancers (77–80). Some basic mechanisms underlying p53’s
inhibition of angiogenesis have been detailed. Ravi et al. found
that, under hypoxic conditions, p53 inhibits the HIF1A activity
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that is required for VEGF transcription (81). Besides VEGF,
p53 also inhibits other pro-angiogenetic factors, such as bFGF-
BP (bFGF-binding protein) and COX-2 (cyclooxygenase-2). In
addition, p53 also induces anti-angiogenetic factors, such as TSP-
1 and EPHA2 (ephrin receptor A2) (82). However, it is not clear
whether or how p53 itself plays a role in regulatingNE phenotype.

RB1 has also been reported to regulate tumor angiogenesis
(83–85). For example, Lasorella et al. reported Id2 (inhibitor
of differentiation 2), a target of RB1, mediates angiogenesis of
pituitary tumors from Rb1+/− mice (86). RB1 loss is one of the
most critical events in neuroendocrine carcinoma (12, 87, 88),
but the mechanism by which RB1 contributes to NE phenotype
is largely unclear. A recent study reported RB1 takes part in
regulating both angiogenesis and NE phenotypes. Labrecque
et al. found, under hypoxic conditions, RB1-loss deregulates the
expression of genes that govern angiogenesis, metastasis and NE
differentiation. These effects led to a more invasive phenotype as
well as NE protein markers expression in human prostate cancer
cells (40).

Growing evidence implies a cooperative function of p53
and RB1 in tumor angiogenesis. Martinez-Cruz et al. found
that combinatorial deletion of p53 and RB1 augmented tumor
angiogenesis in a spontaneous squamous cell carcinoma mouse
model, comparing with loss of p53 alone (89). Similarly,
inactivation of p53 and RB1 leads to a pro-angiogenic
transcriptional response in keratinocytes (90). In a xenograft
model of retinoblastoma, p53 was shown to increase VEGF
expression and promote angiogenesis in cells deficient for
p21/RB1 pathway (91). All these observations underline the
possibility of p53 and RB1 cooperation in promoting prostate
cancer angiogenesis.

Interestingly, p53 and RB1 are also both connected to NE
marker expression in prostate cancer. In aNEPC xenograft model
LTL-331R that relapsed upon castration resistance of prostate
adenocarcinoma patient-derived xenograft LTL-331, genomic
alterations of both p53 and RB1 were observed (39). Of note,
Beltran et al. showed (25) that “concurrent loss of RB1 and
p53 was present in 53.3% of NEPC patient tumors vs. 13.7%
of CRPC-adenocarcinoma samples (P < 0.0004, proportion
test).” In a classic NEPC genetically engineered mouse (GEM)
model called TRAMP, p53 and RB1 are both inactivated in the
prostate by SV40 large T antigen oncoprotein, which induces the
development of prostate cancers that subsequently progress to
NEPC (92). Using GEM model and human cell models, loss of
p53 and RB1 has been shown to promote linear plasticity and
a phenotypic shift from AR-dependent luminal epithelial cells
to AR-independent NEPC with resistance to enzalutamide (an
antiandrogen drug) (26, 36).

PKA-CREB1 Axis
Both angiogenesis and NE marker expression can be induced
by increased cellular cAMP level (93–95). Androgen deprivation
therapy (ADT) increases cAMP level in prostate cancer cells,
which activates the PKA-CREB1 pathway that in turn regulates
both phenotypes. VEGF and ENO2 have been identified as
targets of CREB1 and regulate angiogenesis and NE marker
expression, respectively (96–98). However, targets of CREB1 that

regulate both phenotypes were largely unknown. We recently
reported two direct targets of CREB1, GRK3 (G protein coupled
receptor kinase 3) andHDAC2 (histone deacetylase 2). GRK3was
shown to promote both angiogenesis and NE marker expression
in separate studies (detailed below). Induction of HDAC2 by
CREB1 is critical for prostate cancer progression promoted
by chronical bio-behavioral stress that activates PKA-CREB1
pathway though beta adrenergic signaling (99). It is still unknown
whether HDAC2 is involved in NE phenotype regulation in
prostate cancer. In another study, we found that PKA-CREB1
signaling enhances the epigenetic repressive activity of EZH2
(enhanced zeste homolog 2) that in turn induces NE phenotype
and angiogenesis (detailed below). In short, the PKA-CREB1 axis
seems to be a master upstream regulator for both NE phenotype
and angiogenesis in prostate cancer.

GRK3
We initially uncovered GRK3 as a key regulator of the
progression of prostate cancer through unbiased shRNA and
focused cDNA screening of human kinases (100). GRK3 is
essential for metastatic prostate cancer cells in culture and
in mouse xenografts. Further, its overexpression promotes
orthotropic prostate tumor growth in mouse xenografts.
Mechanistically, GRK3 promotes prostate cancer progression in
part through repressing two anti-angiogenic factors TSP1 and
PAI2, thus inducing angiogenesis in prostate cancer cells (100).
Genomic profiling and immunohistochemical staining of human
prostate cancers showed that GRK3 is upregulated in advanced
prostate cancers (100, 101). Of note, we found a strong trend
between GRK3 protein level and glomeruloid microvascular
proliferation, a marker of VEGFA–driven angiogenesis, in
prostate cancer patient samples. This result further supports a
role of GRK3 in stimulating angiogenesis.

We recently reported that GRK3 promotes ADT resistance
and NE marker expression of prostate adenocarcinoma cells
(101). The kinase dead form of GRK3 abolished these
phenotypes, indicating a requirement of GRK3’s kinase activity
(100, 101). Moreover, GRK3 is positively associated with NE
marker expression in human cancer cell lines and patient tumors.
Upon GRK3 silencing, expression of NE markers induced
by ADT was reduced. These results suggest that GRK3 is
a key regulator of both NE phenotype and angiogenesis in
prostate cancer. It is worth further investigating the molecular
mechanisms of GRK3 and the potential of inhibiting GRK3 as a
novel strategy to block NEPC.

EZH2
Polycomb repressive complex 2 (PRC2) is another important
regulator for both angiogenesis and NEPC. PRC2 usually
renders transcriptional repression by tri-methylating lysine 27
of histone H3 (H3K27me3) on target genes (102, 103). As the
key catalytic subunit of PRC2, EZH2 is widely overexpressed in
many tumors, including prostate cancer (102). Overexpression
of EZH2 and elevated PRC2 activity promote prostate cancer
cell proliferation and migration (103). Clermont et al. found
that EZH2 is one of the most upregulated epigenetic regulators
in NEPC across multiple datasets from clinical to xenograft
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tissues (104). Dardenne et al. reported that high catalytic
activity of EZH2 promotes N-Myc-AR-PRC2 complex formation
and promotes NE phenotype (37). Ku et al. emphasized that
overexpressed EZH2 in prostate-specific Pten-Rb1-p53 triple
knockout mice plays a pivotal role in promoting prostate cancer
lineage plasticity, antiandrogen resistance, and neuroendocrine
phenotype (26). We recently demonstrated that EZH2 presents
a critical molecular link for NE phenotype and angiogenesis,
downstream of ADT-activated PKA-CREB1 signaling (66).
EZH2 is activated by ADT and PKA-CREB1 signaling, which
in turn induces NE markers and reduces TSP1 in prostate
cancer cells. Our study also fills in a gap of knowledge how
EZH2 overexpression in cancer cells directly contributes to
tumor angiogenesis. Lu et al. have showed that EZH2 is
induced by VEGF in endothelial cells, which contributes to
angiogenesis (105).

TSP1
TSP1 is found to have various specific biological activities in
different specific tumor environments. The role, regulation and
expression patterns of TSP1 in human malignancies are highly
context dependent and complicated. On general knowledge of
TSP1 in urological cancers, please refer to this outstanding
review (106). TSP1 is the first identified endogenous inhibitor
of angiogenesis. It suppresses endothelial cell proliferation,
migration, and tube formation, as well as induces endothelial
apoptosis (107–109). While TSP1’s role in angiogenesis is well-
known, we recently established its role and regulation in
NEPC (66). As expected, TSP1 inhibits angiogenesis induced
by NEPC cells. Furthermore, the expression of TSP1 in NEPC
is significantly lower than that in CRPC-adenocarcinoma, and
NE markers negatively correlate with TSP1 in several prostate
cancer datasets (66). Interestingly, TSP1 silence increase NE
marker expression in PC3 prostate cancer cells, which suggests
that TSP1 may directly regulate NE phenotype. This intriguing
observation supports an intimate relation between NE phenotype
and angiogenesis in prostate cancer cells (66). The molecular
mechanisms underlying TSP1’s role of NE phenotype warrants
further investigation.

IL-6
As a pro-inflammatory cytokine, interleukin-6 (IL-6) is
expressed in both of prostate tumors and the stromal tumor
microenvironment. IL-6 is well-known to participate in cellular
angiogenesis. Recently, Culig and Puhr have elegantly reviewed
the role and regulation of IL-6 in prostate cancer (110). Several
signaling pathways downstream of IL-6 orchestrate angiogenesis
and NE phenotype in prostate cancer. For example, Ishii et al.
showed that IL-6 promotes angiogenesis by up-regulating VEGF
through PI3K/AKT pathway (111). On the other hand, IL-6
boosts NE phenotype by inducing CHGA and ENO2 expression
through JAK/STAT3 and MAPK pathways (112, 113), as well
as AMPK activation and autophagy induction (114). Detailed
molecular mechanisms that connect IL-6 induced angiogenesis
and NE phenotype need to be further elucidated.

MYCN
As a key oncogene driver in neuroblastoma, MYCN (N-Myc)
is also a critical regulator of NEPC and SCLC (small cell lung
cancer, a poorly differentiated neuroendocrine lung cancer) (21,
37, 71, 115). While convincing evidence supporting a direct
role of N-Myc in regulating angiogenesis is scarce, NDRG1 (N-
Myc downstream-regulated gene 1) has demonstrated pleiotropic
roles in angiogenesis and cancer progression, depending on
cancer types (71, 116).

Aurora Kinases A and B
Aurora kinase A and B (AURKA/B) phosphorylate and stabilize
N-Myc protein, which sustains N-Myc function in promoting
NE phenotypes in neuroblastoma (117). AURKA and AURKB
have been shown to regulate VEGF production and angiogenesis
in endothelial cells directly and in neuroblastoma cells (118,
119). It is postulated that AURKA and/or AURKB may regulate
angiogenesis of NEPC, although direct evidences are needed.

HIF1A-FOXA2 Axis
HIF1 and HIF2 are well-known key regulators of angiogenesis
(48, 50, 120). Recent studies have also implicated them, especially
HIF1A, in regulating neuroendocrine phenotype in prostate
cancer. HIF1A cooperates with FOXA2, a transcription factor
expressed in NE tissue, to induce several HIF1A target genes that
are required for hypoxia-mediated NE phenotype and metastasis
in prostate cancer (41, 43).

ONECUT2 (OC2)
According to recent reports by Rotinen et al. and Guo
et al., ONECUT2 plays a critical role in poorly differentiated
neuroendocrine prostate tumors as a master transcriptional
regulator (41, 121). As a survival factor in mCRPC models,
ONECUT2 depresses AR transcription-related program and
activates NE differentiation genes and progression to lethal
disease (121). Besides, overexpression of ONECUT2 in prostate
adenocarcinoma under hypoxia condition is able to inhibit
AR signaling and induce NE phenotype (41). Given the
crucial role of hypoxia in angiogenesis, we postulate that
ONECUT2 may also contribute to the angiogenic phenotype
of NEPC, which warrants further study. One study in ovarian
cancer demonstrated that silencing ONECUT2 reduces VEGF
expression and vascularization in xenograft tumors (122).

RET
RET mutations are found to enrich in lung adenocarcinoma
with NE differentiation (123, 124). Knockdown of RET inhibits
prostate tumor growth in vivo (125). A recent study from Justin
Drake’s lab has showed that RET phosphopeptides and mRNA
levels are higher inNEPC than in prostate adenocarcinoma, while
RET inhibitor AD80 blocks NEPC cell growth in culture and in
mouse xenografts (126). Further experiments on gain and loss of
function of RET protein will need to be carried out in NEPC cell
models. While a role of RET in angiogenesis is well-established
in medullary thyroid cancers (127), it is still unclear whether it
is critical for the angiogenic phenotype in poorly differentiated
neuroendocrine tumors, such as NEPC.
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TARGETING THE MOLECULAR LINKS
BETWEEN ANGIOGENESIS AND NE
PHENOTYPE FOR DEVELOPING NEW
THERAPIES

As summarized above, elevated angiogenesis and NE marker
expression are two important interconnected phenotypes.
Targeting key molecules linking these two phenotypes may
be effective therapeutic strategies for neuroendocrine prostate
cancers. Potential therapeutic agents targeting some of these
molecules include beta blockers inhibiting PKA-CREB1
signaling, TSP1 mimetic peptides, inhibitors of EZH2 and
HIF1 pathway, and IL-6 pathway blockade. It is paramount
to evaluate these and other related agents, alone and in
combinations, for NEPC, given the reported contributions of
their targets in this lethal variant of prostate cancer that has no
effective treatment.

Beta Blockers
Beta blockers which inhibit beta adrenergic signaling and
PKA-CREB1 activation, have been used to treat patients with
cardiovascular diseases for decades. According to epidemiology
studies, cancer patients who have used beta blockers for
cardiovascular diseases have better clinical outcomes than
the matched patients who do not use, in multiple cancer
types, including melanoma, prostate, lung, and breast cancers
(128–130). Results from these retrospective investigations are
consistent with emerging evidences supporting anti-tumor
effects of beta blockers in cancer cells in vitro and in mouse
xenografts (99, 131–133). Because that beta blockers have
been already applied in hypertension and heart diseases for
years, they may also become efficient and safe therapies for
NEPC. Beta blockers propranolol and carvedilol are tested in
several cancer clinical trials (clinicaltrials.gov). However, major
obstacles of beta blockers in clinical studies include incomplete
understandings of their mechanisms of action in cancers, as well
as a shortage of biomarkers for patient selection and efficacy
monitoring (129, 134). We recently reported that propranolol
downregulates NE marker expression and inhibits angiogenesis
and growth of NEPC cell-derived xenografts by blocking a critical
pathway CREB1-EZH2-TSP1 (66). This finding suggests that
this pathway’s activity level may serve as a biomarker for future
cancer clinical trials of beta blockers. The therapeutic value
of propranolol and other PKA-CREB1 signaling inhibitors in
prostate cancer treatment should be further tested.

EZH2 Inhibitors
Based on the driving role and significant overexpression of EZH2
in many tumors, several inhibitors targeting EZH2 have been
developed, such as GSK126, GSK343, GSK503, EPZ6438, CPI-
1205, PF-06821497, and DZNeP. Some of these EZH2 inhibitors
have demonstrated anti-tumor activity against NEPC in vitro and
in vivo. Beltran et al. found that GSK343 preferentially inhibited
cell viability of NEPC cells, while minimally affecting non-NEPC
cells (25). Ku et al. reported GSK503 restored enzalutamide
sensitivity of prostate tumors from castrated Pten-Rb1 double

knockout mouse (26). DZNeP has also shown some anti-tumor
activity in preclinical studies of several cancer types, including
prostate cancer (135, 136). We recently demonstrated that
conditioned media from prostate cancer cells expressing EZH2
shRNA or treated with GSK126 or EPZ6438 inhibit in vitro
angiogenesis of endothelial cells (66). In addition, GSK126
and DZNeP were shown to decrease NE marker expression
(66). Several EZH2 inhibitors are currently in clinical trials
for multiple types of lymphoma, synovial sarcoma, and solid
epithelial tumors: NCT03010982 and NCT01897571 (EPZ6438),
NCT03480646 (CPI-1205), and NCT03460977 (PF-06821497).
It is conceivable that the existing EZH2 inhibitors or other
new drugs under development may have positive efficacy
targeting NEPC.

HIF Pathway Inhibitors
Pathways of hypoxia-inducible factors (HIF) play key roles in
development of resistance to different treatment modalities.
Thereby, HIF pathway inhibitors targeting advanced cancers
warrant further clinical studies either as a single agent or in
combination with other therapeutic agents (137). Specifically
for prostate cancer, two mCRPC clinical trials of HIF pathway
inhibitors, including 2ME2 nanocrystal dispersion (panzem)
and 17-AAG (tanespimycin), have been reported, which
unfortunately showed little efficacy (138, 139). However, given
the critical roles of HIF in control both angiogenesis and
neuroendocrine phenotypes in NEPC, future testing of other
inhibitors of HIF pathway, alone or in combinations, is still
justifiable for NEPC. Interestingly, Guo et al. recently showed
that TH-302 (evofosfamide), a prodrug activated by hypoxia,
significantly inhibits NEPC tumor growth (41). An ongoing
immunotherapy study combines ipilimumab (targeting CTLA-
4) and evofosfamide for the treatment several solid tumor types,
including confirmed metastatic or locally advanced prostate
cancers (NCT03098160).

Aurora Kinase Inhibitor
Phase II trial of Alisertib (MLN8237), an Aurora Kinase
A inhibitor, for castration resistant and neuroendocrine
prostate cancers was recently completed (140). Although the
report did not meet its primary endpoint of significantly
extending 6-month radiographic progression-free survival
(rPFS), a subset of advanced prostate cancer patients
with AURKA and N-Myc activation achieved significant
clinical benefits.

TSP-1 Mimetic Peptides
ABT-510, a TSP-1 mimetic peptide, has been tested in phase
I and II clinical trials for many cancer types, including soft
tissue sarcoma, metastatic melanoma, renal cell carcinoma, and
advanced solid tumors (141–144). ABT-510 failed to show
significant clinical benefits as a single agent, suggesting a
combinatory strategy is needed. Combination of ABT-510 and
cytoxan leads to a delay in progression of PC-3 tumor xenografts
(145). Notably, in a phase I study of glioblastoma, combination
of ABT-510 with temozolomide and radiotherapy moderately
extended overall survival time (146). These findings suggest
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that combination of ABT-510 with other standard anti-tumor
therapies may be an effective strategy to yield better clinical
efficacy. Recently, a new TSP-1 mimetic peptide, ABT-898, with
greatly increased potency over ABT-510, has been generated.
Its efficacy has been tested in rodents and dogs (147–149), and
have showed more notable antiangiogenic efficacy than ABT-
510 (147). Investigation of the therapeutic potential of ABT-510
and ABT-898 in prostate cancers, especially in NEPC, warrants
additional studies.

IL-6 Pathway Blockade
Given its critical contributions to cancer progression, IL-
6 signaling pathway (IL6-/IL6R/JAK/STAT3) is being actively
pursued for novel cancer therapies. Recent progress and obstacles
in targeting IL-6 to treat cancers have been well-summarized
(150–152). Agents blocking IL-6/IL-6R or inhibiting JAK/STAT3
to block tumor progression have been or are being tested in
clinical trials, such as siltuximab (an anti-IL-6 mAb), tocilizumab
(an anti-IL-6R mAb), Ruxolitinib (a JAK signaling inhibitor).
Although many evidences confirmed a key role of IL-6 cascades
in regulating the growth of malignant cells in preclinical studies,
anti-IL6 or anti-IL6R mAbs have not demonstrated clinical
efficacy in several cancer types. The lack of efficacy of IL-6
pathway blockade in cancer is likely due to tumor cells plasticity,
displaying different tumor clones in tumor samples in vivo (153).
Testing IL-6 pathway inhibitors, in combination with standard or
other targeted therapies, is still favored for NEPC.

FUTURE DIRECTIONS

Besides the knowledge gaps and future directions
abovementioned for individual regulators or therapeutic
developments, we believe that the following three directions
warrant further investigation to fully understand and target the
molecules common to pathways promoting angiogenesis and
neuroendocrine differentiation of prostate cancer.

Do Neuroendocrine Differentiation and
Angiogenesis Promote Each Other?
We have described several genes reported to regulate both
neuroendocrine and angiogenic phenotypes. Much of the
knowledge for both phenotypes was in different biological
contexts or cancer types. It is largely unclear whether induction
of one phenotype leads to increase in another phenotype in
the same biological system, such as in NEPC. It is conceivable
that induction of neuroendocrine phenotype may promote
angiogenesis, in part due to secretion of pro-angiogenic factors
by neuroendocrine cells, such as VEGF and neuropeptides
bombesin and gastrin, although the roles of these factors in
neuroendocrine phenotype are still unclear (15).

Do Critical Regulators Established in One
Phenotype Contribute to the Other
Phenotype?
This review mainly focuses on genes that have been implicated in
regulating both angiogenesis and neuroendocrine differentiation,

although in separate contexts for many genes. To better
understand these two phenotypes and to facilitate the
development of effective treatments for NEPC, a systematic
investigation is necessary to define the roles of these regulators
in a shared context. Moreover, studies have characterized
the function of several other proteins in regulating either
neuroendocrine differentiation (such as BRN2, PEG10, SRRM4,
REST, and DEK) or angiogenesis (such as FGF, TGF, EGFL6,
PDGF, MMPs, and CCL2). Given the intimate links between
the two characteristics as we summarize, it is worthwhile to
investigate the roles of critical regulators of neuroendocrine
differentiation in regulating angiogenesis, and vice versa.

Anti-angiogenesis Therapy and
Combination Treatments for NEPC?
Positive results in anti-angiogenic therapy were observed in
pancreatic neuroendocrine tumors (PNET), another type of
neuroendocrine tumors that are well-differentiated with better
prognosis than SCLC and NEPC. Sunitinib is a multi-targeted
tyrosine kinase receptor inhibitor of VEGFR1-3, PDGFR, c-kit,
RET, CSF-1R, and FLT3. It has demonstrated direct antitumor
and antiangiogenic effects, and has received FDA approval for the
treatment of locally advanced or metastatic PNETs (154, 155).

In SCLC, it was demonstrated that higher VEGF is associated
with poor prognosis, which makes it a reasonable strategy
to block VEGF pathway for inhibiting angiogenesis and
tumor progression. However, only limited clinical benefits in
this attempt was observed (156). As far as we know, no
result has been reported on clinical trials of anti-angiogenic
therapy for NEPC. Due to the striking pathological similarity
between SCLC and NEPC, it is likely that, for NEPC,
finding the right combinations of anti-angiogenesis and other
therapies will be key to achieve significant efficacy for NEPC.
Several strategies of combining anti-angiogenic regimens with
targeted/chemo/immune therapies have been or are being tested
clinically in several cancer types (59). These strategies include
combining different anti-angiogenic regimens, simultaneously
inhibiting angiogenesis and driving oncogenes, or combining
anti-angiogenic regimens with immunotherapy. It is conceivable
that similar combinatorial strategies are applicable to NEPC.

Another strategy for NEPC is to target key regulators
for both NEPC phenotypes that we have discussed, i.e.,
neuroendocrine differentiation and angiogenesis, hitting two
birds with one stone. In section Targeting the Molecular
Links Between Angiogenesis and NE Phenotype for Developing
New Therapies, we have summarized some opportunities
for developing therapeutics to target pathways involved in
both angiogenesis and neuroendocrine phenotypes. It may be
necessary to co-target multiple key regulators of both phenotypes
to simultaneously block alternative pathways that NEPC cells
may use to escape.

CONCLUSION

NEPC is lethal without effective treatment. It is still poorly
understood. They often have both elevated neuroendocrine
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marker expression and increased angiogenesis, the mechanisms
of which remain largely elusive. Here, we summarize the
literature on several proteins and pathways that regulate both
angiogenesis and neuroendocrine phenotype in prostate cancer
and other contexts. Bridging the mechanistic gaps between
regulation of angiogenesis and neuroendocrine phenotype will
facilitate better understanding of NEPC progression. We also
discuss the opportunities of targeting some of these key
regulators to inhibit both angiogenesis and neuroendocrine
phenotype for treatments of patients with NEPC. Furthermore,
many of the molecular mechanisms that we discuss here for
NEPC are also dysregulated in small cell lung cancer (SCLC), a
poorly differentiated aggressive neuroendocrine lung carcinoma.
Therefore, we expect that much of the current knowledge and
new therapeutic potentials summarized here for NEPC are
relevant to SCLC.
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