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The Role of Splicing Regulators in the Emergence
of Treatment-induced Neuroendocrine Prostate Cancer:
The Next Generation of Drug Targets?
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Treatment-induced neuroendocrine prostate cancer (t-
NEPC) is a highly aggressive, histologically distinct PC
subtype consisting of small-cell carcinoma cells or mixed-
histology cells that is believed to emerge in response to
selection pressure of treatment with potent androgen
deprivation therapy (ADT) in the metastatic castration-
resistant PC (mCRPC) setting. Transdifferentiation of
adenocarcinoma cells results from reactivation of develop-
mental pathways, acquisition of stem-cell-like character-
istics, epithelial-to-mesenchymal plasticity, and a
proliferative “switch”. Because t-NEPCs display diverse
morphological and molecular characteristics, differentia-
tion states, and varying proportions of histologically small-
cell populations, a consensus definition of t-NEPC remains
the subject of much debate. However, molecular features
can include lowor absent androgen receptor (AR) signalling,
RB1 loss, TP53 loss, MYCN amplification, AURKA gain,
upregulation of BRN2, SOX2, or PEG10, downregulation of
REST, altered DNA methylation, and increased Polycomb-
mediated gene silencing through EZH2 [1].

In the clinic, t-NEPCs are characterised by high disease
burden, frequent incidence of visceral metastases despite
low serum prostate-specific antigen (PSA), although not
invariably, and short response to ADT. Unfortunately, the
aggressive manifestation, complex yet poorly defined
molecular aetiology, and greater AR-negative pathology
or low AR transcriptional activity compared to prostate
adenocarcinoma (AdPC) result in a lack of effective targeted
therapies for this disease subtype. Despite an initial
response to platinum-based chemotherapy, survival rarely
DOI of original article: https://doi.org/10.1016/j.eururo.2019.03.011.
* Department of Surgery and Cancer, Imperial Centre for Translational and E
Du Cane Road, London W12 0NN, UK. Tel. +44 207 5942821.
E-mail address: claire.fletcher07@imperial.ac.uk.

https://doi.org/10.1016/j.eururo.2019.04.017
0302-2838/© 2019 European Association of Urology. Published by Elsevier B
exceeds 2 yr after NEPC diagnosis [2]. While de novo small-
cell carcinomas of the prostate are rare, comprising less
than 2% of cases [3], evidence of pure t-NEPC or mixed t-
NEPC/AdPC was identified in metastatic biopsies for 17% of
mCRPC patients [4], representing a considerable clinical
burden. In addition, with US Food and Drug Administration
approval for abiraterone shifting its use to the earlier, high-
risk hormone-sensitive disease stage [5], it is anticipated
that the incidence of t-NEPC will increase.

Overall, AdPC and t-NEPC share similar genomic land-
scapes (with the exception of loss of DNA repair pathway
genes, found almost exclusively in AdPC [4]) but have
dramatically different transcriptomes and distinct epige-
netic profiles [6]. This suggests a common clonal origin of
the two PC subtypes. These observations also suggest
epigenetic regulation, noncoding DNA and RNA events, and
RNA splicing as potential drivers of a highly plastic NEPC
transdifferentiation process. Indeed, upregulation of EZH2,
the catalytic subunit of PRC2 responsible for H3K27
methylation of lineage specification genes, is one of the
key features of NEPC versus primary AdPC and is
accompanied by downregulation of EZH2-repressed genes,
such as DKK1 [6]. EZH2 inhibitors can reverse NEPC
transdifferentiation in preclinical models [7] and are being
evaluated in phase 1 and 2 clinical trials in lymphomas and
solid tumours. A second epigenetic regulator, REST, which
suppresses neuroendocrine differentiation via recruitment
of the co-repressors EZH2 and LSD1 to neuronal gene
promoters, is frequently downregulated in NEPC [8]. It can
be alternatively spliced by SRRM4 to yield a truncated and
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functionally-distinct protein, lacking the transcriptional
repressor domain and with reduced ability to repress
neuroendocrine differentiation programmes [9]. Indeed,
SRRM4 is highly expressed in 50% of NEPCs versus 3% of
AdPCs, and its overexpression in vitro drives NE differenti-
ation through induction of NEPC-specific splicing pro-
grammes following AR signalling inhibition [9]. This
highlights the key role of alternative splicing events in
driving AdPC transdifferentiation and acquisition of t-NEPC
characteristics.

Li et al. [9] previously used RNA sequencing data for two
independent cohorts to identify a t-NEPC-specific RNA
splicing signature and demonstrated dramatic upregulation
of an alternatively spliced form of the histone demethylase
BHC80 (BHC80-2 vs unspliced BHC80-1) in t-NEPC versus
AdPC. BHC80-2 results from replacement of exon 14 with
alternative exon 14a, which disrupts a potential nuclear
localisation signal. In this issue of European Urology, the
same authors report a novel, nonepigenetic mechanism of
action of BHC80-2 whereby its nuclear exclusion triggers
the MyD88-p38-TTP pathway to enhance transcript stabili-
ty of multiple tumour-promoting cytokines [10].

Using RNA in situ hybridisation (RISH) on a tissue
microarray of CRPC tumours, the authors demonstrated
strong BHC80-2 positivity in small cell carcinomas and
AdPCs with abundant NE histology, with low staining
intensity in AdPC. Moreover, BHC80-2 RISH intensity was
positively correlated with immunohistochemical scores for
the NE markers SYP, CHGA, and CD56, but was inversely
associated with AR and PSA, supportive of a role in the
biology of the AR-negative subset of NEPCs. Since approxi-
mately 75% of t-NEPCs are positive for nuclear AR [4], the
role of BHC80-2 in this context remains unclear. Interest-
ingly, splicing of BHC80-2 was found to be mediated in part
by SRRM4, which the same authors previously purported to
be amaster epigenetic regulator of NE transdifferentiations:
SRRM4 and BHC80-2 RISH intensitywas highly correlated in
CRPCs of pure small-cell ormixed NE/AdPC histology, and in
cell-line models, BHC80-2 was detected only the presence
of SRRM4. Furthermore, SRRM4 depletion led to loss of
BHC80-2 but not -1, while its overexpression increased
levels of minigene reporter-derived BHC80-2. RNA binding
assays confirmed SRRM4 recruitment to the 30 splice site of
BHC80 intron via a UGCmotif. Since the roles of U2AF65 and
PTB (also found to alter BHC80-2 splicing) were not further
explored, it is difficult to ascertain the relative contributions
of these versus SRRM4 in the control of BHC80-2 biology.

It is indicative of the complexities of t-NEPC emergence
that BHC80-2 overexpression was not sufficient to induce
NEmarkers or transdifferentiation to neuronal morphology,
but did promote androgen-independent proliferation,
migration, and invasion, including that of the NEPC-prone
TRAMP-C1 xenograftmodel.While thismay be explained by
the highly heterogeneous nature of t-NEPC, its complex
molecular characteristics (not all t-NEPCS express “classi-
cal”NEPCmarkers), and a role for BHC80-2 in induction of a
“proliferative switch”, further studies are required to
conclusively demonstrate its relevance as a key driver
event in t-NEPC development. One example would be the
generation of a PC mouse model with prostate-specific
BHC80-2 overexpression under castrate conditions.

Microarray analysis performed to further delineate the
mechanismof BHC80-2 action in t-NEPC revealed 177 genes as
specifically regulated by BHC80-2 but not -1. Ingenuity
pathway analysis validated via qualitative real-time polymer-
ase chain reaction identified cytokines including CCL20,
CXCL10, CCL2, and TNFa as specific effectors of BHC80-2-
activated MyD88 action, since a MyD88 inhibitor reduced
BHC80-2-induced cytokine expression and blunted BHC80-2
growthpromotion.Since ithasbeendemonstratedthatMyD88
activatesp38, reducing theaffinityofTTP for substrateRNAand
leading to reduced turnover of cytoplasmic RNAs [11], the
authors hypothesised that disruption of the BHC80-2 NLS
through splicing may result in cytoplasmic and nonepigenetic
activation of this pathway. Indeed, BHC80-2 enhanced p38
phosphorylation, suppression of p38 abrogated BHC80-2
cytokine induction, and BHC80-2 reduced TTP affinity for its
cytokine mRNA targets. While the authors demonstrated that
BHC80-2 interactswithMyD88 in thecytoplasm,elucidationof
the mechanism by which BHC80-2 activates MyD88 remains
unexplored. As an important proof of concept that BHC80-2
acts largely through theMyD88-p38-TTP axis, MyD88 siRNA, a
MyD88 inhibitor, and CCL2-neutralising antibodies recapitu-
lated theeffects of BHC80-2 silencing inNEPC spheroidmodels
andcouldbe rescuedbyCCL2protein.Adetailedmechanismof
BHC80-2 activation of MyD88-p38-TTP cascade is shown in
Fig. 1.

In conclusion, the authors have convincingly demon-
strated that alternative splicing of BHC80-2 leads to its
noncanonical cytoplasmic activation of theMyD88-p38-TTP
pathway and enhanced proliferation in NEPC models. This
illustrates the importance of splicing and epigenetic
mechanisms in t-NEPC emergence. However, several
important questions remain to be answered by the t-NEPC
research community:
1. T
owhat extent does splicing of BHC80-2 and its resultant
cytoplasmic localisation simply serve to abrogate the
canonical nuclear function of BHC80 in demethylating
and repressing neuronal genes as part of the BRAF35/
HDAC complex?
2. W
hat are the implications of BHC80-2 activation of the
MyD88 cytokine cascade for tumour immune cell
infiltration? What are the consequences of BHC80-2
and upstream SRRM4 action for immunotherapy re-
sponse in the t-NEPC setting? Does increased splicing in
SRRM4-high t-NEPCs generate neoantigens that could be
exploited therapeutically?
3. Is
 there a role for splicing inhibitors as adjuncts to extend
the duration of platinum-based chemotherapy
responses? Would BHC80-2 represent an effective
predictive biomarker in this context?
4. W
hat is the role of BHC80-2 in the 50% of NEPCs inwhich
SRRM4 is not highly-expressed?

While a “one size fits all” treatment strategy is unlikely to
be effective in highly heterogeneous t-NEPC, answers to the
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Fig. 1 – SRRM4-mediated splicing of BHC80 promotes proliferation of neuroendocrine prostate cancer models through activation of the MyD88-p38-
TTP cascade and loss of BHC80-1 repression of neuronal genes. (A) Splicing of BHC80-2 (by SRRM4, and potentially U2AF65 and/or PTB) disrupts its
nuclear localisation sequence (NLS), leading to its cytoplasmic localisation and MyD88 activation. In turn, this results in p38 phosphorylation and
repression of TTP activity through loss of affinity for its cytokine mRNA targets and enhanced levels of CCL20, CXCL10, CCL2, and TNFa. In addition,
BHC80-2 splicing could lead to a reduction in canonical BHC80-1 demethylase activity in the nucleus, and derepression of neuronal genes. Together,
these events promote proliferation of NEPC cells. (B) In the absence of BHC80-2 splicing, BHC80-1 is retained in the nucleus. Activation of the MyD88-
p38-TTP axis is reduced and BHC80-1-mediated demethylation and repression of neuronal genes are enhanced, resulting in inhibition of NEPC
proliferation. Figure created with BioRender.com.

E U RO P E AN URO L OGY 76 ( 2 019 ) 16 7 – 16 9 169
above questions could pave the way for novel, patient-
tailored therapeutic strategies for a lethal mCRPC subset
that is expected to represent an increasing clinical burden in
the coming years.
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