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Abstract
Normal prostate tissues consist mainly of epithelial cells, including secretory epithelial cells, basal cells,
and neuroendocrine cells, and of mesenchymal cells, including smooth muscle cells and fibroblasts.
The mechanisms leading to castration resistant prostate cancer (CRPC) are complex and diverse, but
most involve neuroendocrine differentiation. In fact, during the development of prostate cancer,
some of the tumor cells transform into neuroendocrine-like cells. This transition is a main underlying
mechanism of CRPC formation.
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Castration resistant prostate cancer (CRPC) refers to
the stage of prostate cancer that follows initial treatment
by androgen deprivation. It should be differentiated from
metastatic hormone-sensitive prostate cancer (mHSPC).
Metastatic CRPC (mCRPC) corresponds to the metastatic
stage of hormone-insensitive prostate cancer. In recent
years, the diagnosis and treatment for prostate cancer have
gradually improved, but the survival rate of the patients did
not significantly increase. CRPC is the final cause of death for
patients with advanced prostate cancer, and it has remained
a difficult challenge for urologists for many years [1].
Currently, it is known that neuroendocrine differentiation
(NED) and neuroendocrine prostate cancer (NEPC) are a
main cause of emergence of CRPC, whichmostly occurs after
long-term castration treatments. NEPC mainly manifests by
a decreased expression of prostate-specific markers such as
androgen receptor (AR) and prostate-specific antigen (PSA),
and increased expression of neuro-related markers, such as
pheochromogranin A, synaptophysin, and neuron-specific
enolase. Prostate cancer patients with neuroendocrine (NE)
characteristics have poor response to chemotherapy and
poor prognosis, most of them facing a survival prospect of
less than one year [2].
In early studies, there was much debate about the status

and significance of NEPC and NED in prostate cancer [3].

Since then, with the help of emerging technologies such as
gene sequencing and genetically engineered mice, it has be-
come increasingly clear that there are significant differences
in gene expression profiles and biological properties between
NEPCandCRPC.Therefore, specific therapies that target pa-
tients with NE characteristics are needed in order to improve
the prognosis of patients with advanced prostate cancer [4].
To date, the mechanisms underlying NED during prostate
cancer is unclear, and there are no effective drugs able to
block this process. In addition, there is no real specific drug
for NEPC treatment. The survival time of patients diagnosed
at early stages of prostate cancer after effective treatment is
significantly longer than that of patients diagnosed at ad-
vanced stages. For prostate cancer, early diagnosis is a unique
opportunity to take the life of the patients out the hands
of prostate cancer. Currently, there are many hypotheses
regarding the formation and regulation of NEPC and NED.
In this review, we report research progresses from current
literature to provide a more comprehensive understanding
of NEPC and NED.
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1. When does NED occur during treatment of
prostate cancer?

According to the research of Yang at Columbia University et
al. [5], during treatment of prostate cancer most patients ex-
perience NED upon androgen deprivation. However, at this
stage, prostate cancer is not a CRPC. The influence of NED
gradually increases before turning into CRPC eventually.
A large number of clinical and experimental studies have

confirmed that NED plays a key role in the occurrence and
development of prostate cancer. Therefore, further research
focusing on understanding the etiology of NED, how NED
promotes drug resistance, which signaling pathways can pre-
vent or reverse NED, and what theoretical basis of drugs
or biological agents should be considered towards targeted
therapy, will warrant broad prospects to improve the survival
rate and quality of life of prostate cancer patients.

2. Genetic alterations

2.1 Inactivation of tumor suppressor genes

Mutations or deletions in tumor suppressor genes have been
amain focus of research and discussions in the field of cancer.
In prostate cancer-related NED, the genes retinoblastoma
(RB), tumor protein 53 (TP53), and phosphatase and ten-
sion homology gene deleted on chromosome ten (PTEN )
received most of the attention. Clinical studies revealed
that oncogenic alterations affecting these genes are more
prevalent in prostate cancer patients with NE features than
in CRPC patients, with 70% of NED cases presenting withRB
gene deletions, 66.7% with TP53 mutations or deletions, and
53.3% with TP53 and RB1 co-deletions [4, 6]. RB gene dele-
tion is present in 90% of prostate small-cell neuroendocrine
carcinoma (SCNC), while in other types of prostate cancer
such as high-grade adenocarcinoma or metastatic CRPC this
frequency is less than 20% [7]. It follows that inactivation
of tumor suppressor genes is highly correlated with prostate
cancer-related NED. Meanwhile, the importance of tumor
suppressor genes has been demonstrated in basic research.
Studies of the prostate cancer pathology have shown that
inactivation of PTEN is clearly associated with elevated ex-
pression of the NED marker chromogranin A [8]. Selective
knockout of Rb and Trp53 genes in mouse spontaneously
generates hypo-differentiated prostate adenocarcinoma with
NE characteristics. A common transgenic adenocarcinoma
of mouse prostate (TRAMP) developing spontaneous NEPC
was also used in a similar setup [9]. Recent studies have
shown that genetically engineered mice with co-deletion of
Trp53 and Ptem (NPp53mouse) develop abiraterone-resistant
prostate cancers with behaviors highly consistent with those
of human CRPCwith NE characteristics [10]. Current main-
stream research suggests that the inactivation of tumor sup-
pressor genes is not an isolated event, but in fact often co-
exists with many other the biological events such as those
mentioned below, and serves as a prerequisite for the in-
duction of NED by other molecules such as serine/arginine
repetitive matrix 4 (SRRM4) [11].

2.2 Activation of proto-oncogenes
Activation of proto-oncogenes can promote a series of
changes in the biological behavior of tumors, such as
proliferation, invasiveness, and migration. The members
of the Myc family of protooncogenes have attracted much
attention due to their extensive cancer-promoting ability in a
variety of tumors. Different fromMYCC, which is expressed
in a variety of tumors, MYCN is only highly expressed in
a few neurological tumors such as retinoblastoma, and in
small-cell lung cancer, indicating that this gene is closely
related to neurological phenotypes [12, 13]. MYCN has
also been shown to play an important role for NED in
prostate cancer. Beltran et al. [14] found that MYCN gene
amplification or overexpression was present in 40% of
NEPC, while this proportion was only 5% in ordinary
prostate cancers. Overexpression of MYCN in normal
prostate cell lines and basal cells of normal prostate can
lead to NE phenotype [15]. Later, Dardenne et al. [16]
found that MYCN protein could interact with the product
of enhancer of zeste homolog 2 (EZH2), a homolog of the
histone methyltransferase zeste gene that binds the androgen
receptor (AR) gene enhancer. By promoting the expression
of a series of genes related to cell stemness and cell migration,
and inhibiting AR signaling pathway, EZH2 allows prostate
cancer to survive better under anti-androgen therapy and
suppressed AR signaling. This mechanism explains the
resistance of NEPC to anti-androgen therapy. In addition,
through gene analysis of circulating tumor cells, Gupta et al.
[17] found that tumor cells from patients with high MYCN
expression would differentiate into AR-independent NE-like
cells, suggesting that this gene has a high predictive value for
castration-resistance and NED in patients.

2.3 Gene fusions
As early as 2005, Tomlins et al. [18] reported the fusion be-
tween E26 transformation-specific (ETS)-related gene (ERG)
and the transmembrane protease serine 2 (TMPRSS2) gene in
prostate cancer, and they proposed that this genetic mutation
was directly related to the occurrence of prostate cancer.
However, it was later found that this gene fusion was not di-
rectly responsible for the emergence of prostate cancer, but it
was associated with its progression [19]. Clinicopathological
studies have confirmed the presence of TMPRSS2:ERG gene
fusion in 44% of the NEPC. Furthermore, the immunohis-
tochemical study of mixed tumors indicated that NE lesions
highly coincided with TMPRSS2:ERG-positive areas, and that
NED was only localized in areas where ERG protein was
deficient [14]. Further studies showed that the presence
of TMPRSS2:ERG gene fusion promotes the occurrence of
NED in prostate cancer patients after anti-androgen therapy
[20]. Restoring ERG signaling in TMPRSS2:ERG-bearing
cells reverses their NED to the parental phenotype [21].
This suggests that the presence of the TMPRSS2:ERG gene
fusion may be a prerequisite for the induction of NED in
prostate cancer during anti-androgen therapy. In addition,
TMPRSS2:ERG gene fusion has long been considered a gene
imprinting signature of prostate cancer, and its discovery in
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NEPC largely corroborates that NED is a main mechanism of
CRPC formation [14].

3. Gene expression changes

3.1 Transcriptional regulation
In the course of prostate cancer development, from the ear-
liest intraepithelial neoplasia to CRPC or even NEPC, the
gene expression profile of the cells undergoes significant
changes involving crucial roles of transcription factors such
as Foxhead box (FOX) protein family. FOXA1 is a pioneer
factor that controls the expression of AR-related genes and
intervenes during the whole process of tumorigenesis and
cancer development [22]. FOXA2 is an important regu-
latory molecule in NEPC, although it has received less at-
tention than FOXA1 in prostate cancer. It was found that
the positive expression rate of FOXA2 in prostate SCNC
specimens is 100% [23]. FOXA2 up-regulation was also
observed in transgenic animalmodels characterized byNEPC
[15]. In terms of molecular mechanisms, FOXA2 activates
androgen-related genes independently of AR and androgen
[24]. Together with the hypoxia-inducible factor 1α (HIF-
1α), FOXA2 promotes the expression of a series of key genes
that determine the acquisition of a NE phenotype [25]. These
results suggest that FOXA2 can promote NED. To further
confirm the importance of FOXA2 for NED in prostate can-
cer, TRAMPmice, which spontaneously develop NEPC, had
the FOXA2 gene knocked out. However, Foxa2-deficiency
did not preventNEPCdevelopment, leading the investigators
to suggest that other important molecules may control NED
in the absence of FOXA2 [26].

3.2 Post-transcriptional regulation
Alternative splicing is an important biological mechanism
involved in the post-transcriptional regulation of progressive
prostate cancer. It has a clear association with tumor aggres-
sivity, drug resistance and other adverse characteristics, in
particular through the generation of variable transcripts of
AR [27, 28]. The successive studies in the field uncovered
an increasing number of post-transcriptional modifications
linked to advanced prostate cancer. Lapuk et al. [29] first
found that the level of the RE1 silencing transcription factor
(REST) was significantly downregulated in prostate cancer
with NED. The expression levels of various NED markers
increased after REST gene knockout in the prostate cancer
cell line LNCaP. Similarly, in prostate cancer cells, REST is
inhibited during interleukin 6 (IL-6)-induced NED develop-
ment, and overexpression of REST can block IL-6-induced
NED development [30]. Hypoxic environments can also
down-regulate REST level throughmicroRNA (miRNA) and
induce NED in prostate cancer cell lines [31]. In prostate
cancer, REST cannot operate without another important
molecule, SRRM4, which is a neuro-specific RNA splicing
factor. The loss of SRRM4 can affect important processes
such as neurite growth and cerebral cortex differentiation
[32]. Studies on clinical samples with CRPC metastases
have shown that the expression of SRRM4 is closely related

to the acquisition of a NE phenotype. SRRM4 can inhibit
REST mRNA by changing its sequence and promotes the
development of NED in prostate cancer [33]. Recent studies
have shown that the introduction of SRRM4 in LNCaP cells
can induce the expression of NE markers and change the cell
morphology. In a model of SRRM4-driven NEPC, there are
bothAR/PSA positive andAR/PSAnegative cell subsets, and
SRRM4 is only expressed in the AR/PSA negative cells [11].
This suggests that SRRM4 is an important molecule for the
transition from CRPC to NEPC.

4. Tumormicroenvironment

In addition to alterations in the tumor cells themselves, the
surrounding microenvironment—formed by the tissues,
immune cells, blood vessels, and extracellular matrix—
also plays an influential role in the biological behavior
of the prostate cancer. For instance, tumor-associated
macrophages and bone marrow-derived suppressor cells can
promote prostate cancer progression by secreting cytokines
or exosomes, among other factors [34]. IL-6 is an important
pleiotropic cytokine in tumor microenvironments. It
can mediate immune response and regulate growth,
differentiation, survival, and other important physiological
processes of normal and tumor cells. As early as 1990,
some scholars confirmed that prostate cancer cell lines have
IL-6 receptors and secrete IL-6, suggesting an important
role of this cytokine in human prostate cancer [35]. Wang
et al. [36] used IL-6 stimulation to induce permanent
NED in LNCaP cells, which constitutes one of the most
typical experiments proving a correlation between IL-6 and
NEPC. In addition, enzalutamine, an anti-androgen agent,
induces NED and promotes the aggregation and activation
of tumor-associated macrophages that in turn, secrete IL-6
and promote further aggravation of NED in prostate cancer
[37]. Although an increasing number of studies have focused
on IL-6 as a powerful cytokine, the specific relationship
between IL-6 and NED in prostate cancer is still not fully
understood. Drugs targeting the IL-6 signaling pathway
have shown modest effects in clinical trials, indicating that
the relationship between IL-6 and prostate cancer, especially
NEPC, need further studies [38].

Tumor cells live in a complex microenvironment
constituted of diverse components, which can inhibit or
promote their survival and growth. In fact, the progression
of prostate cancer to CRPC corresponds to the transition
from an endocrine disease to a paracrine/autocrine disease.
Paracrine/autocrine androgen synthesis is an important
mechanism of androgen resistance in CRPC. In prostate
cancer tissue, including at low-grade, the level of active
androgens such as DHT and other growth factors support
cell growth. During cancer progression, the prostatic tissue
loses its paracrine dependence and switches to an autocrine
pathway, where tumor cells produce many factors, including
androgens, to support their own survival and growth.
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5. Importance of targeted treatment for
NEPC and inhibitory mechanisms of
prevention

Over the last several years, important advances have been
made in the identification and characterization of clinical
and pathological CRPC variants. NEPC is one of the most
aggressive subtypes; greater knowledge of the disease biology
is necessary to develop new treatments and biomarkers to
manage this aggressive variant. Drugs that are able to prevent
NEPC are still at the development stage.

6. Summary

Yang et al. [5] were among the first scholars in the world to
study NED in prostate cancer. Since then, not much research
has been done in this area. The emergence and progression of
NEDandNEPC involve complex regulatory networks, which
require a combination of molecular alterations within the
tumor and in its environment. In addition to the key targets
mentioned above, many others were identified in studies that
have not been included due to space limitation. From our
summary, it appears that the mainstream literature supports
the hypothesis that NEPC differentiates from typical prostate
cancer cells under various extra-tumoral pressures [4, 6–
11]. This hypothesis also suggests that the starting point of
NED in prostate cancer may be much earlier than previously
thought. A population of prostate cancer cells with NED
potential may already exist while the cancer is still at a stage
of low malignancy. These NED precursors are likely to be
the cause of poor outcomes in progressive prostate cancer.
Thus, besides finding treatments for prostate cancers that
have developed into NEPC, future studies should focus more
on interventions preventing the development of significant
NED features in order to improve patients’ prognoses.
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