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Abstract

Background: Prostate adenocarcinoma (AdPC) progression to treatment-induced neu-
roendocrine prostate cancer (t-NEPC) is associated with poor patient survival. While
AdPC and t-NEPC share similar genomes, they possess distinct transcriptomes, suggest-
ing that RNA splicing and epigenetic mechanisms may regulate t-NEPC development.
Objective: To characterize the role of alternative RNA splicing of the histone demethy-
lase BHC80 during t-NEPC progression.
Design, setting, and participants: The expression of BHC80 splice variants (BHC80-1 and
BHC80-2) were compared between AdPC and t-NEPC patient tumors. Regulatory mecha-
nisms of RNA splicing of the BHC80 genewere studied, and the signal pathwaysmediated by
BHC80 splice variants were investigated in t-NEPC cell and xenograft models.
Results: Global transcriptome analyses identified that the BHC80-2 variant is highly
expressed in t-NEPC. Compared with the known histone demethylation activities of the
BHC80 gene, we discovered a novel nonepigenetic action of BHC80-2, whereby BHC80-2 is
localized in the cytoplasmtotrigger theMyD88-p38-TTPpathway,which results in increased
RNA stability of multiple tumor-promoting cytokines. While BHC80-2 does not induce
neuroendocrine differentiation of cancer cells, it stimulates cell proliferation and tumor
progression independent of androgen receptor signaling. Blockade of BHC80-2-regulated
MyD88 signaling suppresses growth of several t-NEPC cell spheroid and xenograft models.
Conclusions: Gain of function of BHC80-2 through alternative RNA splicing activates
immune responses of cancer cells to promote t-NEPC development.
Patient summary: The main obstacle to develop effective therapies for patients with t-
NEPC is the lack of understanding on how t-NEPC is developed. Our study not only
identifies a previously unknown BHC80-2-MyD88 signaling pathway that plays an
important role during t-NEPC development, but also provides a proof of principle that
targeting this signal pathway may offer an avenue to treat t-NEPC.
© 2019 The Authors. Published by Elsevier B.V. on behalf of European Association of
Urology. This is an open access article under the CC BY-NC-ND license (http://creati-

vecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Treatment-induced neuroendocrine prostate cancer (t-
NEPC) is becoming more prevalent under the selective
pressures of more potent androgen receptor (AR) pathway
inhibition [1]. Once t-NEPC is diagnosed, patient survival is
<1 yr [2]. While 10–100% of prostate cancer (PCa) patients
were reported to have tumor cells with neuroendocrine
(NE) differentiation [3], only �25% of patients with
advanced prostate tumors eventually develop aggressive
t-NEPC [4]. These findings imply that only NE tumor cells
that attain a proliferative state will develop into t-NEPC.
However, the molecular underpinning of t-NEPC develop-
ment remains unclear.

Treatment-induced NEPC is most often derived from
prostate adenocarcinoma (AdPC) through the complex
interplay of NE differentiation, proliferation, and oncogenic
processes. Whole-exome sequencing has revealed that t-
NEPC and AdPC share similar genomic landscapes, even
though they differ significantly in transcriptome and cell
morphology [1,5]. Case studies show that cell populations of
AdPC, AdPC with NE differentiation, and t-NEPC coexist in
the same tumors [5]. Intermediate morphological and
phenotypical transitions in cancer cells between the
boundaries of AdPC and NEPC cell populations indicate a
dynamic NE differentiation process [5]. AdPC transforma-
tion into t-NEPC is replicable in patient-derived xenografts
(PDXs) only after castration surgery in host mice [6]. Loss of
function of TP53, Rb1, and/or PTEN can confer lineage
plasticity to AdPC cells under anti-AR treatment [7–
10]. These cancer cells may utilize Sox2, EZH2, and Sox11
to epigenetically reprogram the AdPC transcriptome to
adapt into an NE lineage. AdPC cells can be transformed into
t-NEPC xenografts by a neural RNA splicing factor, SRRM4,
introduced exogenously [11–13]. These findings support
that t-NEPC likely originates from AdPC.

AdPCprogression tot-NEPCrequiresbothNEdifferentiation
and cell proliferation. NE differentiation can be induced by the
lossof functionofAR,REST,orFOXA1,orbytreatmentsof cAMP,
IL-6, or hypoxia in vitro [11,14–17]. However, not all these
factors enable t-NEPC tumorigenesis. While AR blockade is
necessary for t-NEPC establishment, it is not always sufficient
because only�25% of hormone therapy-treated tumors gain t-
NEPC phenotypes [4]. The majority of AR-positive AdPC
xenografts (eg, LNCaP and LAPC4) do not progress to t-NEPC
by castration. When TP53/PTEN knockout mice were treated
with castration surgery, NE-like cells from focal NE differenti-
ation regionswere nonproliferative, in contrast to NE-like cells
within overt NE differentiation regions that were highly
proliferative [8], suggesting that a “proliferative switch” is akey
molecular event that enables t-NEPCdevelopment.Genes such
asAURKA, PEG10,MEAF6, and CyclinD1 have been implicated in
t-NEPC development [18,19]. However, instead of inducing NE
differentiationofAdPCcells, they regulatecellproliferationand
tumor growth. These findings support that AdPC cells with NE
differentiation have to be switched into a highly proliferative
state in order for t-NEPC establishment.

While AdPC and t-NEPC share similar genomic features,
their transcriptomes differ dramatically, suggesting that
RNA splicing and epigeneticmechanisms play key roles in t-
NEPC development. By analyzing RNA-seq data from two
independent NEPC cohorts [6,20], we reported a t-NEPC-
specific RNA splicing signature [11]. BHC80 is the only gene
that regulates histone demethylation and thereby gene
transcription [21]. It is expressed as two isoforms (BHC80-1
and BHC80-2) whereby an alternative exon14a replaces
exon14 in BHC80-2 (GRCh38/hg38) [22]. This splicing event
disrupts one of the predicted nuclear localization signals
(NLSs), potentially leading to cytoplasmic localization. This
study aims to characterize BHC80-2 splicing in t-NEPC.

2. Patients and methods

The patients included and methods used in this study are described in
the Supplementary material.

3. Results

3.1. RNA splicing of BHC80-2 is upregulated in t-NEPC

RNA-seq data from both the VPC and the Beltran cohorts
[1,11] indicated that BHC80-2 is expressed at extremely
low levels in AdPC but dramatically induced in t-NEPC,
while BHC80-1 levels are similar between AdPC and t-
NEPC (Supplementary Fig. 1A and B). To validate these
findings, we constructed a tissue microarray (TMA)
containing 64 castration-resistant prostate cancer (CRPC)
tumor cores and applied RNA in situ hybridization (RISH)
assays. We confirmed that BHC80-2 was strongly
expressed in two subtypes of t-NEPC, namely, small cell
neuroendocrine carcinoma (SCNC) and AdPC with abun-
dant NE cells (AdNE) [23], but lowly expressed in AdPC
(Fig. 1A–C). In contrast, BHC80-1 expression showed no
difference among all tumor groups. The specificity of the
BHC80-1 and BHC80-2 probes was validated by multiple
control slides (Supplementary Fig. 2). The RISH signal of
BHC80-2, but not of BHC80-1, was positively correlated
with the number of NE markers (p < 0.001) and the
immunohistochemistry (IHC) scores of CHGA, SYP, and
CD56 (p < 0.001; Fig. 1D and E, and Supplementary Figs.
3 and 4). These findings are consistent with the RNA-seq
results from the Beltran 2016 cohort (Supplementary Fig.
5). AdNE tumors had a much lower Ki67 index than SCNC,
suggesting that they had undergone NE differentiation but
not yet switched to high proliferative states as in SCNC
(Fig. 1B and C). BHC80-2 was negatively correlated with
AdPC markers such as AR and prostate-specific antigen
(PSA; Fig. 1E). Together, both RNA-seq and RISH results
from three independent patient cohorts support that
BHC80-2 is upregulated in t-NEPC, while BHC80-1
expression remains similar between AdPC and t-NEPC.

3.2. SRRM4 regulates RNA splicing of BHC80-2

Since the RNA splicing factor SRRM4 has been demonstrat-
ed to drive t-NEPC progression, we hypothesized that
SRRM4 regulates BHC80-2 RNA splicing. RNA-seq data from
the Beltran 2016 cohort showed that BHC80-2 expression
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Fig. 1 – RNA splicing of BHC80-2 is upregulated in t-NEPC. BHC80-1 and BHC80-2 RISH assays, and CHGA, SYP, CD56, AR, PSA, and Ki-67 IHC assays were
performed on the CRPC TMA, as previously described [23]. (A) Representative images of BHC80-2 RISH staining are shown. (B) RISH scores of BHC80-1
and BHC80-2; IHC scores of CHGA, SYP, CD56, AR, and PSA; and pathology classification of the tumor cores are presented. Each column shows data
from the same tissue core. (C) CRPC tissue cores are grouped into SCNC, AdNE, and AdPC according their histology [23]. Distributions of BHC80-1 and
BHC80-2 RISH scores as well as Ki-67 index of each tumor group are plotted. (D) Associations of BHC80-1 and BHC80-2 RISH scores with the numbers
of CHGA, SYP, and CD56 positivity per core on the whole CRPC TMA were calculated by Pearson's chi-square test. (E) BHC80-2 expression in correlation
with CHGA, SYP, CD56, AR, and PSA IHC scores and Ki-67 index was calculated by Pearson's chi-square test. Data are presented as the mean � SEM.
Values without a common letter are significantly different (p < 0.05). AdNE = AdPC with abundant neuroendocrine cells; AdPC = prostate
adenocarcinoma; AR = androgen receptor; Corr = correlated; CRPC = castration-resistant prostate cancer; IHC = immunohistochemistry;
NE = neuroendocrine; PSA = prostate-specific antigen; RISH = RNA in situ hybridization; SCNC = small cell neuroendocrine carcinoma; SEM = standard
error of the mean; TMA = tissue microarray; t-NEPC = treatment-induced neuroendocrine prostate cancer.
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was highly correlated with SRRM4 (p < 0.001; Fig. 2A).
SRRM4 expression on the CRPC TMA had previously been
reported [23]. Here, we further showed that BHC80-2 and
SRRM4 RISH signals were high in both SCNC and AdNE, but
low in AdPC (p < 0.001; Fig. 2B and Supplementary Fig. 6).
These findings were consistent with BHC80-2 and SRRM4
protein expressions that were specific to NEPC PDXs
(Fig. 2C). We recently established two SRRM4-driven t-
NEPC cell models, LnNE and DuNE, which show not only
global gene signature and morphological alterations, but
also tumor progression mimicking patient t-NEPC
[12,13]. BHC80-2 was negative in parental LNCaP and
Du145 xenografts, but dramatically upregulated in LnNE
and DuNE tumors (Fig. 2D and Supplementary Fig. 7). While
BHC80-1 was universally expressed in all PCa cell lines,
BHC80-2 was expressed only in SRRM4-positive NCI-H660
and VCaP lines (Fig. 2E). VCaP cells are both AR and SRRM4
positive due to gene amplification [11]. Together, these
results establish a correlation of SRRM4 expression with
BHC80-2 splicing.

To confirm that SRRM4 regulates BHC80-2 splicing, we
showed that depletion of SRRM4 by siRNA in LnNE and
DuNE cells resulted in the downregulation of BHC80-2, but
not BHC80-1 mRNA levels (Supplementary Fig. 8A). We also
constructed a BHC80 minigene reporter in which exons 14,
14a, and their flanking �300 bp nucleotides were inserted
between exons 13 and 15 (Fig. 2F) and transfected into
LNCaP and 293T cells. SRRM4 upregulated BHC80-2 but
downregulated BHC80-1 mRNA derived from the minigene
reporter (Fig. 2G and Supplementary Fig. 8B). Interestingly,
U2AF65 stimulated and PTB inhibited BHC80-2, but not
BHC80-1 splicing, indicating that other splicing factors also
regulate BHC80-2 splicing. However, SRRM4 is a neural-
specific splicing factor that also regulates PTB RNA splicing
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Fig. 2 – SRRM4 regulates RNA splicing of BHC80-2. (A) RNA-seq reads of the Beltran 2016 cohort are mapped with Star using Ensembl gene annotations
GRCh38.87. Levels of mRNA expression were calculated as Log10(RPKM + 1). The correlation of BHC80-2 with SRRM4 mRNA levels was calculated by
Pearson's chi-square test. (B) The correlation of BHC80-2 and SRRM4 RISH scores on the CRPC TMA was calculated by Pearson's chi-square test. Data
are presented as the mean � SEM. (C) Protein lyses were extracted from three AdPC and three NEPC PDXs, and immunoblotted with SRRM4 and BHC80
antibodies. (D) LnNE and DuNE tumor samples were used to measure BHC80-1 and BHC80-2 protein expression by immunoblotting. (E) Multiple PCa
cell models were used to measure BHC80-1, BHC80-2, and SRRM4 expression by real-time PCR and immunoblotting assays. (F and G) A schematic
diagram shows the BHC80 minigene reporter and the derived splice variants. The BHC80 minigene reporter was cotransfected with plasmids encoding,
indicating splicing factors in LNCaP cells. Total RNA was extracted to measure BHC80-1 and BHC80-2 mRNA levels by real-time qPCR. (H) A schematic
diagram shows the P1 and P2 regions used in in vivo RNA binding assays. RNA-protein complexes in NCI-H660 cells were cross linked by formaldehyde,
and immunoprecipitated with control or SRRM4 antibody. Eluted RNA fragments were used as templates for real-time qPCR to amplify the P1 and P2
regions. Signals were calculated as percentage of input. (I) Biotin-labeled RNA oligos containing wild-type and mutant UGC motifs were incubated with
streptavidin conjugated beads. They were used to pull down protein extracts from NCI-H660 cells. Proteins associated with streptavidin beads were
eluted and immunoblotted with an SRRM4 antibody. (J) LNCaP cells were transfected with control, BHC80 minigene or BHC80 minigene with M1–M4
mutations in the presence of �/+ SRRM4 plasmid. Total RNA was collected and used to measure BHC80-1 and BHC80-2 mRNA levels by real-time qPCR.
All immunoblotting, real-time PCR, and RNA binding assays were repeated in three independent experiments that were performed in triplicate. Data
are presented as the mean � SD. * Delegates p < 0.01 when comparing with controls. One-way ANOVA followed by Tukey test was used in pairwise
comparison among different groups. AdNE = AdPC with abundant neuroendocrine cells; AdPC = prostate adenocarcinoma; ANOVA = analysis of variance;
CRPC = castration-resistant prostate cancer; NEPC = neuroendocrine prostate cancer; PCa = prostate cancer; PCR = polymerase chain reaction;
PDX = patient-derived xenograft; qPCR = quantitative PCR; RISH = RNA in situ hybridization; SCNC = small cell neuroendocrine carcinoma; SD = standard
deviation; SEM = standard error of the mean; TMA = tissue microarray.
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and functions [24], leading us to focus on SRRM4-mediated
BHC80-2 splicing. In vivo RNA binding assays showed that
SRRM4 was recruited to the region next to the 30 splice site
of BHC80 intron 14 (P1 region), but not the control P2 region
(Fig. 2H and Supplementary Fig. 8C). The UGC motif was
predicted to be a consensus SRRM4 recognition site [25],
and RNA pull-down assays confirmed that SRRM4 protein
fromNCI-H660 and 293Tcells interactedwith thewild type,
but not the mutant UGC motif within the intron 14 (Fig. 2I
and Supplementary Fig. 8D). Site-directed mutagenesis
(UGC to UAC) within the BHC80 minigene showed failure of
SRRM4-mediated exon14a inclusion (Fig. 2J and Supple-
mentary Fig. 8E). These results confirmed that SRRM4
regulates BHC80-2 splicing.

3.3. BHC80-2 promotes PCa cell growth and tumor progression

androgen independently

As BHC80-2 is barely expressed in AdPC but strongly
induced in t-NEPC, we introduced Flag-tagged BHC80-2 into
LNCaP, PC3, and TRAMP-C1 cells by lentivirus to study
BHC80-2 functions (Supplementary Fig. 9). BHC80 isoforms
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Fig. 3 – BHC80-2 promotes PCa cell growth and tumor progression androgen independently. (A) LNCaP, PC3, and TRAMP-C1 cell lines were stably
transduced by control, BHC80-1, and BHC80-2 lentivirus. LNCaP cells were cultured under androgen-depleted conditions. Cell proliferation rates were
measured by MTS assays and presented as relative fold change to day 0. (B) Cell invasion assays, described in the Supplementary material, were used to
measure PC3 and TRAMP invasion capacity using the Matrigel invasion chambers. Cells invaded through the Matrigel layer were stained by crystal
violet and counted using the ImageJ software. Invasion rates were calculated as the percentage of cells invaded through the Matrigel. (C) Wound
healing assays were performed as described in the Supplementary material to measure PC3 and TRAMP-C1 cell migration rates within 16 h and LNCaP
cell migration rate within 24 h. Cell images were captured by a Zeiss fluorescent microscope, and migration distances between 0 and 16 h time points
were measured using the ImageJ software. (D) Colony formation assays were performed using 2T 104 cells seeded in 0.7% soft agar in six-well plates.
Cells were allowed to grow for 14 d to form colonies. Colonies were stained with crystal violet and imaged by stitching 5T field images together to
capture the entire well (Zeiss light microscope; Carl Zeiss). Colony numbers were counted according to their diameters (>100mm). Three independent
biological replicates were performed for all the assays (Fig. 3A–D). All results are presented as the mean � SD with * delegating p < 0.01. (E) LNCaP
(CTL), LNCaP(BHC80-1), and LNCaP(BHC80-2) cells were cultured to form 3D multicellular spheroids as described in the Supplementary material. Time-
lapse images are presented. Relative changes in spheroids sizes and proliferation rates were measured for 0–4 d. (F) LNCaP xenografts were established
as described in the Supplementary material. Tumor volume and serum PSA concentrations are plotted. (G) TRAMP-C1 xenografts were established and
tumor volumes were measured. One-way ANOVA followed by Tukey test was used in pairwise comparison among different experiment groups.
ANOVA = analysis of variance; PCa = prostate cancer; PSA = prostate-specific antigen.
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neither altered AR signaling, nor induced NE markers and
neuronal morphologies (Supplementary Fig. 10). However,
BHC80-2 but not BHC80-1 stimulated cell proliferation,
migration, invasion, and colony formation independent of
androgens in LNCaP, PC3, and TRAMP cells (Fig. 3A–D).
LNCaP(BHC80-2) spheroids showed faster growth under
three-dimensional (3D) conditions demonstrated by spher-
oid sizes and proliferation rates (Fig. 3E). LNCaP(BHC80-2)
xenografts progressed more rapidly to castrate-resistant
stage, demonstrated by tumor volumes and serum PSA
levels (Fig. 3F). As >28-wk-old TRAMP mice develop poorly
differentiated NEPC tumors attributed to the SV40 antigen
that compromises Rb1 and TP53 functions [26], TRAMP-C1
cells were used as an NEPC prone model. BHC80-2
stimulated TRAMP-C1 xenograft growth (Fig. 3G, and
Supplementary Fig. 9C and D). Furthermore, BHC80-2
knockout by CRISPR in the LnNE and DuNE models resulted
in suppression of cell proliferation, migration, and invasion
rates (Supplementary Fig. 11). Collectively, these results
indicate that BHC80-2 stimulates PCa cell growth and
xenograft progression androgen independently.

3.4. BHC80-2 activates MyD88 signaling

To decipher the BHC80-2 signaling pathway, we first
profiled the BHC80-2 transcriptome using gene microarray
analyses. While 3119 genes were differentially expressed in
LNCaP(BHC80-2) cells compared with LNCaP(CTL) cells,
349 genes were differentially expressed between LNCaP
(BHC80-1) and LNCaP(BHC80-2) cells (p < 0.05, fold
change >2; Supplementary Fig. 12A). A total of 177 genes
were specifically regulated by BHC80-2. Gene ontology
(GO) analysis (http://david.abcc.ncifcrf.gov/) revealed that
the key cellular processes were mainly related to immune
response, antiapoptosis, and cell migration (Supplemen-
tary Fig. 12A–E). Seven GO annotation function groups
were enriched, and the expression of representative
genes within these groups was plotted. The BHC80-2

http://david.abcc.ncifcrf.gov/
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Fig. 4 – BHC80-2 targets the MyD88 signaling in PCa cells. (A) A Venn diagram shows the genes specifically regulated by BHC80-2 identified by gene
microarray analyses. The IPA software predicted the common upstream regulators of BHC80-2 transcriptome (Z score> 2 and adjusted p < 0.001). (B)
Interactions among five specific signals were predicted by IPA within the BHC80-2-specific transcriptome. (C) Genes specifically associated with BHC80-
2 were validated by real-time qPCR. LNCaP(CTL), LNCaP(BHC80-1), and LNCaP(BHC80-2) cells were treated with (D) control or 100 ng/ml MyD88i
inhibitory peptide (MyD88i) or (E) 30mg/ml TLR2/4 inhibitor OxPAPC (TLR2/4i) for 24 h. CCL2, CXCL10, and TNFa mRNA levels were measured by real-
time qPCR. (F) Conditioned media collected from LNCaP and PC3 cells overexpressing CTL; BHC80-1 and BHC80-2 were used to treat LNCaP or PC3 cells.
LNCaP cell proliferation and PC3 invasion rates were measured. (G) LNCaP(BHC80-2) and PC3(BHC80-2) cells were treated with control, CCL2, CXCL10,
TNFa, and CCL20 antibodies or the MyD88i. LNCaP(BHC80-2) cell proliferation and PC3(BHC80-2) cell invasion rates were measured. LNCaP(BHC80-2)
spheroids were treated with (H) increasing doses of MyD88i or (I) CCL2 antibody for 0–4 d. Relative spheroids sizes and proliferation rates were
measured during 0–4 d. All results were derived from three independent experiments that were performed in triplicate. Data are presented as the
mean � SD, with * delegating p < 0.01 when comparing with controls. IPA = Ingenuity Pathway Analysis; PCa = prostate cancer; qPCR = quantitative
polymerase chain reaction; SD = standard deviation; TNFa = tumor necrosis factor alpha.
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transcriptome was also analyzed by the Ingenuity Pathway
Analysis (IPA) software. We identified tumor necrosis
factor alpha (TNFa), MyD88, nuclear factor k B (NFkB),
interleukin (IL)-1a, IL-1b, and TLR4 (Z score > 2, p < 0.001)
as the upstream regulators, and CCL2, CCL20, CXCL10, and
TLR2 as downstream effectors (Fig. 4A and B). These
bioinformatic predictions were validated by real-time
polymerase chain reaction (PCR) in both LNCaP and PC3
cells, confirming that BHC80-2, but not BHC80-1, induced
CCL20, CXCL10, CCL2, and TNFa expressions (Fig. 4C, and
Supplementary Fig. 12F and G). In contrast, the expressions
of IL-1a, IL-1b, and TLR4 were not changed. These results
indicated that BHC80-2 may bypass IL-1a, IL-1b, and TLR4
to activate MyD88 and its downstream signaling. Further
investigation showed that the MyD88 inhibitor (MyD88i),
but not the TLR2/4 inhibitor, reduced BHC80-2 actions in
upregulating CCL2, CXCL10, and TNFa (Fig. 4D and E).
Conditioned media collected from LNCaP(BHC80-2) cells
significantly enhanced LNCaP cell proliferation and PC3
invasion (Fig. 4F). Consistently, either CCL2, TNFa, and CXCL10
neutralizing antibodies or MyD88i treatment to LNCaP
(BHC80-2) cells caused a reduction in cell proliferation
(Fig. 4G). Furthermore, these treatments to PC3(BHC80-2)
cells also suppressed cell invasion (Fig. 4G). LNCaP(BHC80-2)
spheroid sizes and proliferation rates were suppressed by
MyD88i and theCCL2 antibodies in a dose-dependentmanner
(Fig. 4H and I). Collectively, these results reveal a new function
of BHC80-2 that can activate theMyD88 signaling to enhance
CCL2, TNFa, and CXCL10 secretion, thereby stimulating PCa
cell growth and invasion.
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Fig. 5 – A novel nonepigenetic action of BHC80-2 triggers the MyD88-p38-TTP pathway. (A) LNCaP(CTL), LNCaP(BHC80-1), and LNCaP(BHC80-2) cells
were treated with actinomycin D (ActD) for 0–6 h. CCL2, CXCL10, and TNFa mRNA levels were measured by real-time qPCR. (B) A schematic diagram
shows MyD88 regulation of the stability of target RNAs by the MyD88-p38-TTP pathway. (C) LNCaP(CTL), LNCaP(BHC80-1), and LNCaP(BHC80-2) cells
were incubated with control or Myd88i for 24 h. Phospho-p38 and total p38 protein levels were measured by immunoblotting. (D) In vivo RNA binding
assays were performed using a TTP antibody. Eluted RNA fragments were used as templates for real-time qPCR. Signals were calculated as percentage
of input. (E) Schematic diagrams of protein sequence differences among BHC80-1, BHC80-2, and BHC80-1m. LNCaP(BHC80-1), LNCaP(BHC80-2), and
LNCaP(BHC80-1m) cells were used to perform immunofluorescence assays with BHC80 and MyD88 antibodies. (F) LNCaP(CTL), LNCaP(BHC80-1), LNCaP
(BHC80-2), and LNCaP(BHC80-1m) cells were used to perform immunoprecipitation assays with the Flag tag antibody. The associated proteins were
detected by MyD88 and Flag antibodies. (G) LNCaP(BHC80-1), LNCaP(BHC80-2), and LNCaP(BHC80-1m) cells were used to perform PLAs using BHC80
and MyD88 antibodies. All results were derived from three independent experiments that were performed in triplicate. Data are presented as the
mean � SD, with * delegating p < 0.01 when comparing with controls. One-way ANOVA followed by Tukey test was used in pairwise comparison among
different groups. ANOVA = analysis of variance; NLS = nuclear localization signal; PLA = proximate ligation assay; qPCR = quantitative polymerase chain
reaction; SD = standard deviation; TNFa = tumor necrosis factor alpha.
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3.5. BHC80-2 activates MyD88-p38-TTP signaling through a

novel nonepigenetic mechanism

We found that BHC80-2 regulated gene expression
through two different mechanisms: (1) BHC80-2 en-
hanced the RNA stability of CXCL10, TNFa, and CCL2
(Fig. 5A and Supplementary Fig. 13A); and (2) BHC80-2
increased the transcription initiation rates of CCL20 and
TLR2, demonstrated by nuclear run-on assays (Supple-
mentary Fig. 13B). MyD88 was reported to stabilize
CXCL10 and TNFa mRNAs in immune cells through the
MyD88-p38-TTP pathway [27]. Specifically, MyD88
activates p38, which in turn reduces the affinity of
TTP to its substrate RNAs and stabilizes cytokine
mRNAs. We showed that BHC80-2 stimulated p38
phosphorylation; this effect was inhibited by MyD88i
(Fig. 5B and C). The p38 inhibitor SB203580 (p38i)
suppressed CXCL10, TNFa, and CCL2, but not CCL20 and
TLR2 expressions induced by BHC80-2 (Supplementary
Fig. 13C). In vivo RNA binding assays showed that
BHC80-2 reduced TTP affinity to CXCL10, TNFa, and
CCL2 mRNAs (Fig. 5D).

To determine whether the cytoplasmic actions of
BHC80-2 were due to the disruption of the predicted NLS
peptide by RNA splicing (Fig. 5E and Supplementary 14A),
we applied immunofluorescence microscopy to show
that BHC80-2 or BHC80-1 with mutations at the NLS
(BHC80-1m, Gly429Asp, and Arg430Ala) was localized in
both cytoplasm and nucleus, while BHC80-1 was
expressed only in nucleus (Fig. 5E and Supplementary
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Fig. 14A). These results were confirmed by immunoblot-
ting assays using cytoplasm and nuclear fractions of
LNCaP cells transfected with BHC80-1, BHC80-1m, and
BHC80-2 (Supplementary Fig. 14B). Both coimmunopre-
cipitation and proximate ligation assays confirmed that
BHC80-2 and BHC80-1m interacted with MyD88 in the
cytoplasm (Fig. 5F and G, and Supplementary Fig. 14C).
These results revealed a novel nonepigenetic action of
BHC80-2. BHC80-2 is localized in cytoplasm to activate
MyD88 and enhance the RNA stability of multiple tumor-
promoting cytokines via the MyD88-p38-TTP axis.
[(Fig._6)TD$FIG]
Fig. 6 – Blockade of BHC80-2 signaling inhibits NEPC cell spheroid and xenogra
MyD88i or CCL2 antibody for 0–6 d. Relative spheroid sizes and proliferation ra
lentivirus encoding control or MyD88 shRNA. The transduced cells were used t
treatment. (C) DuNE(shCTL) and DuNE(shMyD88) cells were used to generate D
experimental procedure of DuNE(shCTL) and DuNE(shMyD88) xenografts (Fig.
were measured. (G) Total protein lyses were collected from DuNE(shCTL) and D
immunoblotting assays. (H) Total RNA from DuNE(shCTL) and DuNE(shMyD88)
TNFa was measured by real-time qPCR. (I) Immunohistochemistry detected Ki
ANOVA followed by Tukey test was used in pairwise comparison among differe
groups, with * delegating p < 0.01 when comparing with controls. ANOVA = ana
TNFa = tumor necrosis factor alpha.
3.6. Targeting of MyD88 signaling inhibits t-NEPC spheroid and

tumor growth

To further confirm the key roles of BHC80-2-mediated
MyD88 signaling during t-NEPC progression, we applied
MyD88i and CCL2 neutralized antibodies to treat three
NEPC spheroid models: DuNE, LnNE, and NCI-H660
spheroids. NEPC cells in vitro differ from AdPC cells in that
they favor 3D growth condition in culture [12,13]. Both
MyD88i and CCL2 antibodies suppressed spheroid growth
according to spheroid size and proliferation rates (Fig. 6A).
ft growth. (A) DuNE, LnNE, and NCI-H660 spheroids were treated with
tes were measured. (B) DuNE tumor cells were transduced with
o measure proliferation rates under control or 100 ng/ml CCL2 protein
uNE xenografts in nude mice. A schematic diagram shows the
6B). (D) Tumor take, (E) tumor growth, and (F) tumor quadrupling time
uNE(shMyD88) xenografts. MyD88 expression was confirmed by
xenografts were extracted. The expression of MyD88, CCL2, CXCL10, and
-67 expression in DuNE(shCTL) and DuNE(shMyD88) xenografts. One-way
nt groups. Student t test was used to compare results between two
lysis of variance; qPCR = quantitative polymerase chain reaction;
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MyD88 silencing to DuNE cells by shRNA inhibited cell
proliferation; this effect can be rescued by CCL2 protein
treatment (Fig. 6B). DuNE xenograft with MyD88 depletion
showed delayed tumor take (Fig. 6C and D), inhibited tumor
growth (Fig. 6E), and prolonged tumor quadrupling time
(Fig. 6F). We confirmed that MyD88 depletion in xenografts
was associated with reduced CCL2, CXCL10, and TNFa
expressions, and a lower Ki67 index (Fig. 6G–I). These
results support that blockade of BHC80-2-mediated MyD88
signaling inhibits NEPC cell spheroid and tumor growth.

4. Discussion

We report a novel nonepigenetic action of BHC80 that
contributes to AdPC progression to t-NEPC. Functionally
redirected by the neural splicing factor SRRM4, the splice
variant of BHC80-2 is highly expressed in t-NEPC. BHC80-2
can be localized in the cytoplasm of cancer cells to trigger
the MyD88-p38-TTP signaling, resulting in the stimulation
of tumor-promoting cytokines, acceleration of cell prolifer-
ation, and androgen-independent tumor growth. These
findings highlight key roles of RNA splicing mechanisms in
regulating immune responses to counteract anticancer
therapies and facilitate t-NEPC development.

The development of t-NEPC involves both differentia-
tion and proliferation, two distinguishable and coordi-
nated cellular processes controlled by multiple genes
[28]. While NE differentiation is an initial step toward t-
NEPC, proliferation is required for outgrowth of trans-
differentiated cells and t-NEPC establishment. Detection
of NE markers in AdPC cells is insufficient for a
pathologist to diagnose NEPC and the Ki67 index, and
morphological alterations are required to be confirmed.
The significance of proliferation is even greater if
proliferation driver genes specific to t-NEPC are identi-
fied and used to therapeutically target these progressive
cell subpopulations. We showed that BHC80-2 splicing is
t-NEPC specific and highly correlated with tumor cell
morphology, NE marker status, and Ki67 index in patient
tumors (Fig. 1). BHC80-2 stimulates androgen-indepen-
dent cell proliferation and tumor progression (Fig. 3),
highlighting that BHC80-2 is a proliferation driver gene
for t-NEPC, and its mediated signaling may be potential
therapeutic targets (Fig. 6).

BHC80 is a known component of histone demethylation
complexes that regulate gene transcription [21]. However,
no study has reported that BHC80-1 and BHC80-2 function
differently. We define a novel nonepigenetic action unique
to cytoplasmic BHC80-2 (Figs. 4 and 5). SRRM4-mediated
RNA splicing of BHC80-2 destroys one of the NLSs,
resulting in BHC80-2 cytoplasmic localization and activa-
tion of the MyD88-p38-TTP signaling (Figs. 2 and 5). While
it cannot be excluded that the nuclear functions of BHC80-
2 may contribute to t-NEPC development since BHC80-2
transcriptionally regulates CCL20 and TLR2, we demon-
strated that the CCL20 neutralizing antibody did
not antagonize BHC80-2-induced cell proliferation and
invasion (Fig. 4G), and the TLR2/4 inhibitor did not alter
CCL2, CXCL10, or TNFa expression (Fig. 4E), suggesting that
the nuclear functions of BHC80-2 may not be essential for
t-NEPC progression.

Our study established that BHC80-2-induced cytokines
and inflammation contribute to t-NEPC progression. The
adapter proteinMyD88 is known tomediate various tumor-
promoting signals triggered by microbial or endogenous
ligands of cell surface receptors such as TLRs and IL-1Rs
through downstream effectors such as NFkB, AKT, JNK, and
p38 [27]. What we demonstrate here is that BHC80-2
bypasses cell surface receptors to activate MyD88 and
stimulate cytokine expression. MyD88 induced its target
gene expression by either enhancing the RNA stability or
upregulating gene transcription initiation [29]. It is now
clear that BHC80-2 enhances the RNA stability of CCL2,
CXCL10, and TNFa through the MyD88-p38-TTP pathway
(Figs. 4 and 5), and that these cytokines are key mediators
for BHC80-2 to promote t-NEPC progression.

5. Conclusions

Alternative RNA splicing of BHC80-2 induces a novel
nonepigenetic function that stimulates androgen-indepen-
dent cell proliferation and tumor progression for t-NEPC
development.
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