
Co-targeting BET, CBP, and p300 inhibits neuroendocrine signalling
in androgen receptor-null prostate cancer
Nicholas Choo1, Shivakumar Keerthikumar1,2,3, Susanne Ramm3,4, Daisaku Ashikari1†, Linda Teng1,
Birunthi Niranjan1, Shelley Hedwards1, Laura H Porter1, David L Goode2,3,5, Kaylene J Simpson3,4,6,
Renea A Taylor2,3,7,8 , Gail P Risbridger1,2,3,8 and Mitchell G Lawrence1,2,3,8*

1 Department of Anatomy and Developmental Biology, Biomedicine Discovery Institute Cancer Program, Monash University, Clayton,
Victoria, Australia

2 Peter MacCallum Cancer Centre, Melbourne, Victoria, Australia
3 Sir Peter MacCallum Department of Oncology, The University of Melbourne, Melbourne, Victoria, Australia
4 Victorian Centre for Functional Genomics, Peter MacCallum Cancer Centre, Melbourne, Victoria, Australia
5 Computational Cancer Biology Program, Peter MacCallum Cancer Centre, Melbourne, Victoria, Australia
6 Department of Biochemistry and Pharmacology, The University of Melbourne, Parkville, Victoria, Australia
7 Department of Physiology, Biomedicine Discovery Institute Cancer Program, Monash University, Clayton, Victoria, Australia
8 Cabrini Institute, Cabrini Health, Malvern, Victoria, Australia

*Correspondence to: MG Lawrence, Department of Anatomy and Developmental Biology, Biomedicine Discovery Institute Cancer Program,
19 Innovation Walk, Monash University, Clayton, VIC 3800, Australia. E-mail: mitchell.lawrence@monash.edu

†Present address: Department of Urology, Nihon University School of Medicine, Tokyo, Japan

Abstract
There are diverse phenotypes of castration-resistant prostate cancer, including neuroendocrine disease, that vary
in their sensitivity to drug treatment. The efficacy of BET and CBP/p300 inhibitors in prostate cancer is attributed,
at least in part, to their ability to decrease androgen receptor (AR) signalling. However, the activity of BET and
CBP/p300 inhibitors in prostate cancers that lack the AR is unclear. In this study, we showed that BRD4, CBP,
and p300 were co-expressed in AR-positive and AR-null prostate cancer. A combined inhibitor of these
three proteins, NEO2734, reduced the growth of both AR-positive and AR-null organoids, as measured by
changes in viability, size, and composition. NEO2734 treatment caused consistent transcriptional downregulation
of cell cycle pathways. In neuroendocrine models, NEO2734 treatment reduced ASCL1 levels and other neuroendo-
crine markers, and reduced tumour growth in vivo. Collectively, these results show that epigenome-targeted
inhibitors cause decreased growth and phenotype-dependent disruption of lineage regulators in neuroendocrine
prostate cancer, warranting further development of compounds with this activity in the clinic.
© 2024 The Authors. The Journal of Pathology published by John Wiley & Sons Ltd on behalf of The Pathological Society of Great
Britain and Ireland.
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Introduction

Neuroendocrine prostate cancer (NEPC) is difficult to
treat. As the androgen receptor (AR) is not expressed in
these tumours, they are inherently resistant to androgen
deprivation therapy and AR signalling inhibitors. NEPC
is also heterogeneous, arising at different clinical stages
and with varying histopathologies [1].
In rare cases, patients are diagnosed with NEPC [2].

More commonly, patients develop treatment-induced
NEPC, which arises from AR-positive adenocarcinoma
due to ongoing suppression of AR signalling [3,4].
The different types of NEPC include small cell and

large cell tumours, which have different cytology, but
both express neuroendocrine markers such as
synaptophysin and chromogranin A. In addition to
NEPC, some tumours are referred to as double-
negative prostate cancer, because they lack the AR
and neuroendocrine markers [4]. Herein, we collec-
tively refer to NEPC and double-negative prostate
cancer as AR-null.

The transition from adenocarcinoma to AR-null
prostate cancer arises through permissive genomic alter-
ations and epigenome remodelling. Deletions and loss-
of-function mutations of TP53, RB1, and PTEN are
enriched in AR-null prostate cancer [3,4]. In addition,
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AR-null phenotypes are reinforced by lineage-associated
transcription factors and chromatin remodelling factors,
such as ASCL1, FOXA2, BRN2, and CARM1 [5–8].
Accordingly, AR-null prostate cancer has distinct patterns
of DNA methylation and chromatin accessibility versus
AR-positive adenocarcinoma [3,5,9]. These changes pro-
mote rapid proliferation and the expression of characteristic
markers of NEPC.

As chromatin remodelling reinforces the phenotype of
AR-null prostate cancer, there is interest in therapies
that disrupt this process. Several compounds in prec-
linical development and clinical trials target proteins
that either modify histones (e.g. CBP/p300, EZH2,
HDACs, and LSD1) or recognise histone modifications
(e.g. BRD4) [10]. This includes inhibitors of CBP/p300
and BET proteins, which have been investigated in a
variety of malignancies, given that CBP/p300 and BET
proteins are widely expressed across cell types [11,12].

CBP/p300 and BET inhibitors have also been exam-
ined in prostate cancer, but largely in the context of
disrupting AR signalling. CBP, p300, and BRD4 expres-
sion levels have been correlated with AR expression and
activity, but their relative expression in AR-null prostate
cancer is unclear [13,14]. Moreover, initial preclinical
studies with several CBP/p300 and BET inhibitors
found them to be less effective in AR-null versus
AR-positive prostate cancer [14–17]. As these observa-
tions were based on limited AR-null models, typically
DU145 and PC3 cells, they may not accurately represent
the overall activity of epigenome-targeting agents in
AR-null prostate cancer.

More recent preclinical and clinical data, especially
for BET inhibitors, support targeting chromatin
remodelling in prostate cancer with low or no AR activity.
Enzalutamide-resistant LNCaP sublines with AR-low,
neuroendocrine-positive phenotypes were sensitive
to BET inhibition, in part due to downstream disruption
of E2F1 function [18]. BET inhibitors also decreased the
viability of additional AR-null models [18,19]. Notably, a
phase 1 trial of the BET inhibitor ZEN-3694 in combina-
tion with enzalutamide showed that the patients with the
lowest AR activity in pretreatment biopsies had the
greatest responses [20]. Thus, BET inhibitors, and poten-
tially other agents targeting histone readers, writers or
erasers, have more promising activity in tumours with
AR-low or AR-null phenotypes than anticipated from
the initial screens in cell lines. Yet, little is known about
the effects on neuroendocrine tumours completely
lacking AR expression.

These observations prompted us to investigate the
response of NEPC to therapies targeting chromatin
remodelling. We treated patient-derived models
of AR-positive, double-negative, and NEPC with
NEO2734, a first-in-class dual inhibitor of CBP/p300
and BET proteins (BRD2, BDR3, BRD4) [21] that is
in phase 1 trials for castrate-resistant prostate cancer
(CRPC) (NCT05488548). We show that NEO2734
decreases the viability of AR-null models and down-
regulates lineage-related transcription factors that maintain
the neuroendocrine phenotype.

Materials and methods

Further details of all experiments are provided in
Supplementary materials and methods.

Establishment and treatment of patient-derived
xenografts (PDXs)
Written informed consent was obtained from partici-
pants according to institutional human ethics approval
from Monash University (1636; 36762; 12287), the Peter
MacCallum Cancer Centre (11/102), Cabrini Hospital
(03-14-04-08), and Eastern Health (E55/1213). All animal
care was in accordance with Monash University animal
ethics approvals (MARP 2012/158, MARP 2014/085,
MARP 22185, and MARP 28911). All PDXs were previ-
ously established by the Melbourne Urological Research
Alliance (MURAL) [22–25] and grown in male NSG
mice. PDXs of castrate-sensitive prostate cancer were
grown in mice supplemented with 5-mm testosterone
implants, whereas PDXs of CRPCwere grown in castrated
host mice, as previously described [26–32].
For in vivo drug treatments, PDXs were established

subcutaneously. Experiments were performed using
the one animal per model per treatment approach
(1 � 1 � 1) (one graft/mouse) [33]. Mice were treated
via gavage with vehicle control or NEO2734 for 5 days
per week for 11 or 28 days.

Immunohistochemistry
Tumour samples used for immunohistochemistry were
from the MURAL and Movember GAP1 tissue
microarrays (TMA), and larger pieces of fixed PDX
tissue [22,34,35]. Automated immunohistochemistry
staining was performed using the Leica BOND-MAX™
automated system (Leica Biosystems, Wetzlar, Hessen,
Germany). Antibody details and staining conditions are
listed in supplementary material, Table S1.

Organoids and explants
Organoid cultures were established using both manual
and automated methods. Manually seeded organoids
were grown in Matrigel and metabolic activity was mea-
sured using PrestoBlue. For high-throughput assays,
organoids were seeded robotically in Matrigel in
384-well plates. On the final day of treatment, organoids
were stained with Hoechst 33342 and imaged with
brightfield and fluorescent images. Cell viability was
measured using the CellTitre-Glo (CTG) Luminescent
Cell Viability Assay. Images were analysed using
CellProfiler software (Cambridge, MA, USA).
For RNA-sequencing, organoids were treated for 24 h

with vehicle control or 1 μM NEO2734, and explants
were treated for 48 h at 37 �C with vehicle control or
1 μM JQ1, before being collected for RNA-sequencing.
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RNA-sequencing and data analysis
Total RNA was isolated using the RNAqueous™-Micro
Total RNA Isolation Kit (Invitrogen™, Waltham, MA,
USA) with an in-built DNase-I treatment following the
manufacturer’s instruction. Total RNA was quantified
using a Nanodrop ND-1000 spectrophotometer and
checked for purity and integrity in a Bioanalyzer-2100
device (Agilent Technologies, Santa Clara, CA, USA).
RNA-sequencing was performed at AGRF (https://
www.agrf.org.au/).
Libraries were prepared using Lexogen 3’ Quantseq

sequenced using NextSeq HO with 75 bp single-end
reads. Raw reads from the Fastq files were checked for
quality using FastQC v0.11.6 and low-quality bases
were trimmed using Cutadapt v2.1. Trimmed reads were
aligned against the reference genome hg38 using STAR
aligner v2.7.5b. To remove mouse reads, the reads were
separately aligned to human hg38 and mouse mm39
reference genomes using STAR aligner. XenofilteR
v1.6 was used to select human-specific reads, and counts
matrix were generated using HTseq v0.11.2. DESeq2
was used for differential expression analysis. For gene
set enrichment analysis (GSEA), all genes were ranked
by log2 fold-change and checked for the enrichment of
MsigDB50 cancer hallmarks pathways using thr fgsea
R package. Volcano plots of differentially expressed
genes were plotted using ggplot2 in R v4.2.0.

Statistical analyses
All statistical analyses were conducted using GraphPad
Prism 9 (GraphPad Software Inc, San Diego, CA, USA),
with statistical significance set at p < 0.05. All statistical
tests were two-tailed and are listed in the corresponding
figure legends. Data are shown as mean ± SEM.

Results

BRD4, CBP, and p300 are expressed in AR-null
prostate cancer
Previous studies have evaluated BRD4, CBP, and p300
expression in patient cohorts of prostate cancer;
however, there is typically an under-representation of
AR-null prostate cancer. Therefore, we comprehen-
sively mapped mRNA and protein levels of BRD4,
CBP, and p300 in AR-null versus AR-positive disease.
We evaluated expression profiles in 72 PDXs from
MURAL, a diverse cohort of AR-positive and AR-null
PDXs of prostate cancer [22]. The lack of human stroma
in PDXs enabled us to specifically quantify expression
profiles of prostate cancer epithelium without confounding
contributions from other cell types. BRD4, CBP, and
p300 expression profiles had different correlations
with AR mRNA levels, and AR and neuroendocrine
signatures (Figure 1A; supplementary material,
Figure S1). Nevertheless, the correlation coefficients
weremodest, indicating no stark difference inBRD4,CBP,

and p300 mRNA abundance between prostate cancer
pathologies.

We also quantified nuclear staining of BRD4, CBP,
and p300 using immunohistochemistry in PDX tissues
from two independent cohorts: MURAL and 98 prostate
cancer PDXs from the Movember GAP1 consortium
[34,35]. We confirmed the specificity of the antibodies
through siRNA knockdown of BRD4, CBP, and p300 in
DU145 cells (see supplementary material, Figure S2).
Staining intensity varied within individual PDXs, but all
three proteins were detectable in every PDX with a wide
staining distribution in both PDX cohorts (see supple-
mentary material, Figures S3 and S4A). BRD4, CBP,
and p300 H-scores were correlated with one another, but
with a wide spread in relative expression of each protein
across PDXs (see supplementary material, Figure S4B).
Consistent with mRNA expression, there was consider-
able overlap in the distributions of each factor between
AR-positive and AR-null tumours (Figure 1B–D), with
the only significant difference being increased p300
staining in AR-positive PDXs in the Movember GAP1
cohort (Figure 1D). Thus, BRD4, CBP, and p300 are all
expressed in both AR-positive and AR-null tumours,
with a spectrum of staining within and between tumours.

To investigate whether androgen deprivation alters
BRD4, CBP, and p300 levels, we analysed six CRPC
PDXs from the MURAL cohort with matched tumours
grown in testosterone-supplemented and castrated hosts
(see supplementary material, Figure S4C). There was a
significant increase in nuclear BRD4 (p < 0.05) and
p300 (p < 0.05) staining in all PDXs grown in castrated
mice, based on paired analyses, whereas there was no
significant difference for CBP (p = 0.26).

Overall, the mRNA and protein analyses showed that
BRD4, CBP, and p300 are co-expressed across
AR-positive and AR-null tumours, albeit at varying
levels. Therefore, we next examined their potential as
therapeutic targets for diverse phenotypes of prostate
cancer.

NEO2734 suppresses the growth of prostate cancer
organoids
We investigated whether NEO2734, which targets all
three proteins, inhibits the growth of prostate cancer
cells with different phenotypes. We grew organoids
from six PDXs, including castrate-sensitive primary ade-
nocarcinoma (287R), primary (224R-Cx, 305R-Cx)
and metastatic (435.1A-Cx) NEPC, and metastatic
CRPC with AR-positive (201.1A-Cx) and double-
negative (201.2A-Cx) phenotypes (Figure 2A). In
these organoids, we observed similar trends in the
relationship of BRD4, CBP, and p300 mRNA expres-
sion to AR expression (see supplementary material,
Figure S5A). We treated organoids with increasing
doses of NEO2734 (100–5,000 nM), with 5,000 nM
used as a high dose to confirm changes in organoid
viability across multiple endpoints.

We used CTG to measure the viability of organoids
based on ATP levels. The two most sensitive organoids,
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201.1A-Cx (AR-positive) and 224R-Cx (AR-null), had
significantly decreased viability at the lowest NEO2734
dose, with a low to moderate decrease in metabolic
activity for the remaining four organoids (Figure 2B;
supplementary material, Table S2). Among the AR-null
organoids, those with genomic alterations of RB1 tended to
be less sensitive to treatment compared with 224R-Cx,
which does not have anyRB1 alterations (see supplementary
material, Figure S5B). This is consistent with a previous

study linking RB1 loss to a decreased response to BET
inhibitors [36].
Most studies of BET and CBP/p300 inhibitors have

focused on AR-positive models of prostate cancer. To
examine AR-null models in more detail, we determined
dose responses to NEO2734 compared with JQ1, a rep-
resentative BET inhibitor, and CPI-637, a representative
CBP/p300 inhibitor, using the PrestoBlue cell viability
assay. The dose- and time-dependent decreases in

Figure 1. BRD4, CBP, and p300 are co-expressed in AR-positive and AR-null prostate cancer. (A) Correlation between BRD4, CBP, and p300
(EP300) mRNA expression and the phenotype of 74 PDXs from the MURAL cohort. Plots show the correlation with AR mRNA expression and
AR signature (HALLMARK_ANDROGEN_RESPONSE) (green) and neuroendocrine signature (BELTRAN_UP_NE) (orange). The r- and p-values
were calculated using Pearson’s correlations (BRD4 and CBP) or Spearman’s correlations (p300), depending on the distribution of the data.
(B–D) Quantification of immunohistochemistry (H-scores) for (B) BRD4, (C) CBP, and (D) p300 in AR-positive and AR-null PDXs in the MURAL
(grey) and Movember GAP1 (blue) cohorts (AR-positive, n = 31; AR-null, n = 20). The median H-score and interquartile range are shown.
**p < 0.01; unpaired t-test. NE, neuroendocrine.
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AR-null organoid viability with NEO2734 treatment
were consistent with the previous experiments, with
224R-Cx being the most sensitive AR-null organoid
(Figure 2C). Each organoid had a similar response to
JQ1 compared with NEO2734, but the responses to

CPI-637 were more modest, suggesting that BET
inhibition is central to the activity of NEO2734 in
these AR-null models. These results confirm the sen-
sitivity of AR-null organoids to NEO2734 and BET
inhibition.

Figure 2.NEO2734 suppresses the growth of AR-positive andAR-null CRPC organoids. (A) Heatmap summarising the features of the six organoids. The
data include the site of the original tumour, the source of the tissue, systemic therapies administered to patients prior to sample collection, and follow-
up (death). (B) Relativemetabolic activity, asmeasured by CTG, in 201.1A-Cx (red), 201.2A-Cx (yellow), 224R-Cx (blue), 287R (green), 305R-Cx (purple),
and 435.1A-Cx (brown) organoids with increasing doses of NEO2734 (n = 5 wells). (C) Relative metabolic activity, determined by PrestoBlue viability
assay, in organoids established from PDXs 201.2A-Cx (top row), 224R-Cx (middle row), and 305R-Cx (bottom row) on days 2, 4, 7, 9, and 11 treated
with vehicle control or increasing concentrations of JQ1, CPI-637, and NEO2734 (n = 3). ADT, androgen deprivation therapy; NE, neuroendocrine;
PARPi, poly (ADP-ribose) polymerase inhibitor; PSA, prostate-specific antigen; PSMA, prostate-specific membrane antigen.
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Figure 3. Comparison of organoid responses to NEO2734 across multiple, independent imaging readouts of brightfield microscopy and
Hoechst staining. (A) Representative images of brightfield microscopy and Hoechst staining of 201.1A-Cx, 201.2A-Cx, 224R-Cx, 287R,
305R-Cx, and 435.1A-Cx organoids treated for 12 days with vehicle or increasing doses of NEO2734. Scale bars, 100 μm. (B–F) Dose response
curves of organoids generated from well-level averages of (B) radius, (C) area, (D) Hoechst intensity, (E) texture, and (F) texture variance
treated with increasing doses of NEO2734. Dose–response curves for each tumour treated with NEO2734 were normalised to their respective
negative control (DMSO) (n = 5 wells). (G–I) For each specific parameter, organoids from each PDX were segregated into quartiles based on
the distribution in vehicle control-treated wells. Stacked bar graphs show the percentage of (G) 201.1A-Cx, (H) 224R-Cx, and (I) 287R
organoids in each quartile treated with increasing doses of NEO2734. NE, neuroendocrine.
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NEO2734 disrupts the size and composition of
prostate cancer organoids

Most studies with prostate cancer organoids are limited
to bulk measurements of cell viability; however, this
does not capture the complexity within and between
organoid cultures. Therefore, we performed image anal-
ysis of brightfield and fluorescent microscopy of
organoids to provide independent readouts of changes
in their size and composition (Figure 3A). We focused
on five robust measurements of organoid responses to
drug treatment [37]. As organoid cultures contain
heterogeneous clusters of cells, we accompanied well-
based averages of each readout with single organoid
analyses (Figure 3B–F). To do this, we segregated indi-
vidual organoids in each treatment group into quartiles
based on the distribution of organoids in the vehicle
control-treated wells (Figure 3G–I; supplementary mate-
rial, Figure S6A–C).
The radius and the area are both measures of organoid

size. Consistent with the decreased organoid viability
measured with CTG, NEO2734 treatment reduced the
average radius and area of all organoids, except 287R
(Figure 3B,C; supplementary material, Table S1).
Accordingly, single organoid analysis showed that com-
pared with the vehicle control, there was a dose-dependent
increase in the proportion of organoids with a small radius
and area (blue and red bars) with increasing doses of
NEO2734, especially in 201.1A-Cx and 224R-Cx
(Figure 3G,H; supplementary material, Figure S6A–C).
Additionally, there were fewer organoids with a large
radius and area (green and purple bars) with NEO2734
treatment (Figure 3G,H; supplementary material,
Figure S6A–C). In contrast, NEO2734 treatment decreased
the proportion of small organoids in 287R (Figure 3I).
For the remaining tumours, there was still a subset of
large organoids after treatment (green and purple bars;
supplementary material, Figure S6A–C), but subsequent
readouts of organoid composition suggest that these
clusters had disintegrated with NEO2734 treatment.
Organoids are multicellular structures. Therefore, we

stained DNA with Hoechst and used fluorescence
microscopy to measure changes in the cellular composi-
tion of organoids using three Hoechst-based readouts as
indicators of cell viability. Hoechst intensity, a measure
of organoid density, and Hoechst texture, a measure of
the degree of uniformity in the composition of each
organoid cluster, were decreased in 6/6 and 5/6 organoid
cultures, respectively, following NEO2734 treatment
(Figure 3D,E,G–I; supplementary material, Figure S6A–C
and Table S1), indicating that organoids were sparser
with more variable composition following NEO2734
treatment. An exception was 305R-Cx organoids, which
showed a higher proportion of organoids with higher
Hoechst texture values, suggesting they were more uni-
form after treatment (Figure 3E; supplementary material,
Figure S6B). Lastly, Hoechst texture variance, a mea-
sure of intensity variations between different clusters,
decreased with NEO2734 treatment in all organoids
(Figure 3F–I; supplementary material, Figure S6A–C

and Table S1). Thus, NEO2734 treatment reduced the
heterogeneity in the composition of organoid cultures,
typically resulting in smaller, less-dense clusters containing
more variably arranged cells.

Overall, the five readouts of organoid size and com-
position verified the relative sensitivity of the cultures to
NEO2734 treatment. Consistent with the CTG data,
201.1A-Cx and 224R-Cx had the greatest responses to
NEO2734 in most readouts. Among the other organoids,
287R and 305R-Cx had different responses to NEO2734
treatment in some parameters, with an increase in size
and Hoechst texture followingNEO2734 treatment. This
was unexpected, so we investigated whether these dis-
tinctive phenotypic changes are typical of how these
organoids respond to treatment by treating 287R and
305R-Cx organoids with a high dose of docetaxel.
Consistent with their response to NEO2734, 287R
organoids also increased in radius and area (see sup-
plementary material, Figure S6D), whereas 305R-Cx
organoids increased in Hoechst texture (see supple-
mentary material, Figure S6E). Hence, these two
organoids have similar responses to docetaxel and
NEO2734 across all readouts of organoid viability
(see supplementary material, Figure S6F). Therefore,
acrossmultiple readouts of viability, size, and composition,
AR-positive and AR-null prostate cancer organoids
respond to NEO2734.

NEO2734 induces consistent transcriptional
responses across organoids
Next, we examined the transcriptional changes in all six
organoids after acute 48 h treatment with NEO2734.
There were striking changes in mRNA abundance, with
850–3,407 significantly differentially expressed genes in
each organoid (false discovery rate [FDR] < 0.05; see
supplementary material, Figure S7A). Across all six
organoids, 2,348 genes were upregulated and 2,600were
downregulated by NEO2734 (FDR < 0.05; Figure 4A).
Previous studies have shown that BET and CBP/p300
inhibitors repress MYC [16,38–40] and it was down-
regulated in three of six organoids (see supplementary
material, Figure S7B). Similarly, AR target genes are
repressed by BET and CBP/p300 inhibitors [14,17] and
we observed that prostatic kallikrein genes were signifi-
cantly downregulated in the castrate-sensitive organoids
(287R), but not the AR-positive castration-resistant
organoids (201.1A-Cx) (see supplementary material,
Figure S7C).

Each organoid had a distinct set of differentially
expressed genes, but there were common transcriptomic
differences with NEO2734 treatment across all pairs of
organoids (see supplementary material, Figure S7D).
Indeed, 22 genes were significantly upregulated and
20 genes were downregulated by NEO2734 in every
organoid, regardless of phenotype (Figure 4B; supplemen-
tary material, Table S3). The repressed genes included
several anti-apoptotic (ANP32B and CLN3) [41–43] and
pro-proliferative factors (HDGF andPHF19L) [44,45] that
are overexpressed in prostate cancer. We also observed
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decreased ZMYND8 and NFIC expression and increased
DCXR (Figure 4C) andHEXIM1 (Figure 4D) expression in
every organoid, consistent with previous studies investi-
gating biomarkers of BET inhibitor response in prostate
cancer [46,47]. Notably, recent trials of BET inhibitors
in prostate cancer patients reported increased DCXR
and HEXIM1 expression as reliable indicators of target
engagement [48,49]. This reinforces the efficacy of
NEO2734 across diverse organoids partly through
BET inhibition.
To investigate pathways altered byNEO2734 treatment,

we performed GSEA of the hallmark signatures from the
Molecular Signatures Database (MSigDB) [50]. There was
significantly decreased enrichment of gene sets for activa-
tion of E2F transcription factors and cell cycle control after
NEO2734 treatment (Figure 4E). There was also a signif-
icant reduction in IFN-α and -γ responses, which we
interpreted as changes in cell stress based on the gene sets
that these hallmark signatures encompass [51]. This is
consistent with decreased proliferation with NEO2734
and a previous study showing that BET inhibition blocks
E2F1 function in prostate cancer [18].

NEO2734 treatment represses the expression of
neuroendocrine markers
The transcriptional responses of NEPC to BET and
CBP/p300 inhibitors are poorly understood. To investi-
gate whether NEO2734 induced specific transcriptional
changes in NEPC, we identified genes that were only
significantly differentially expressed in organoids
from neuroendocrine tumours (224R-Cx, 305R-Cx,
and 435.1A-Cx) and not in organoids with AR-positive
or double-negative pathologies (201.1A-Cx, 201.2A-Cx,
and 287R). Across the NEPC organoids, 86 genes were
consistently differentially expressed after NEO2734
treatment (23 genes upregulated, 63 genes downregulated)
(Figure 4F; supplementary material, Table S4), including
downregulation of CEACAM5 and TM4SF1, which are
overexpressed in AR-null and NEPC (Figure 4F)
[52–54]. There was also decreased expression of ASCL1,
an important regulator of lineage plasticity and the neuro-
endocrine phenotype of prostate cancer and small cell lung
cancer (Figure 4F) [5,55–57]. We also observed decreased
expression of multiple ASCL1 putative target genes,
including CACNA1A, CEACAM5, HIPK2, IGFBP5, and
SCN3A [58–60].
The genes that were consistently upregulated by

NEO2734 treatment in NEPC organoids included
NKX3.1, a marker of prostate luminal epithelial cells

that regulates differentiation and acts as a tumour
suppressor [61]. However, NKX3.1 transcript counts
in NEO2734-treated NEPC organoids were still low
compared with baseline levels in the AR-positive
organoids. Apart from NKX3.1, there was no change in
other AR targets and luminal markers, probably because
the AR was not re-expressed. Similarly, GSEA of AR
and neuroendocrine signatures showed no significant
changes in NEO2734-treated NEPC organoids at this
timepoint (see supplementary material, Figure S7E).
Overall, these analyses demonstrate that acute NEO2734
treatment modulates a core set of transcriptional changes
in NEPC, including genes associated with the neuroen-
docrine phenotype.

BET inhibition with JQ1 induces consistent
transcriptomic changes in explants
To validate the transcriptional responses of organoids
with a different compound and independent set of
samples, we treated explants of PDX tissue with JQ1.
Slices of tissue from three PDXs (double-negative:
201.2A; NEPC: 305R, 373M) were placed onto gelatin
sponges and treated for 48 h with 1 μM JQ1 or vehicle
control. The core set of differentially expressed genes
from NEO2734-treated organoids was largely concor-
dant in JQ1-treated explants (Figure 4B; supplementary
material, Table S3). The trends were also consistent
between differentially expressed genes in NEPC organoids
and explants (Figure 4F; supplementary material,
Table S3). Hence, BET inhibition with NEO2734 or
JQ1 induces common transcriptomic changes across
different models.

NEO2734 inhibits tumour growth and
neuroendocrine signalling of PDXs
As NEO2734 inhibits the growth of prostate cancer cells
in vitro, we investigated whether it also inhibited tumour
growth in vivo. We screened the responses of two CRPC
PDXs with neuroendocrine pathology, 224R-Cx and
435.1A-Cx, to NEO2734 using the one animal per model
per treatment approach (1 � 1 � 1) [33,62]. Based on
predefined thresholds for treatment responses [22],
224R-Cx and 435.1A-Cx both had partial responses to
NEO2734 with decreased tumour volume after 4 weeks
of treatment compared with the vehicle control
(Figure 5A). Body weights of mice treated with
NEO2734 remained within the ethics criteria (see supple-
mentary material, Figure S7F).

Figure 4. NEO2734 induces consistent transcriptional responses across organoids. (A) Volcano plot of differentially expressed genes (red)
identified between untreated and NEO2734-treated organoids (24 h; 1 μM) based on FDR < 0.05 cut-off (black). (B) Heatmap depicting log2
fold-change values for genes that were significantly upregulated (red) and downregulated (green) by NEO2734 in six organoids and JQ1 in
three explants. (C and D) Graphs of (C) DCXR and (D) HEXIM1mRNA expression (log2) in untreated and NEO2734-treated organoids from six
PDXs. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; unpaired t-test (n = 3 wells). (E) Top six downregulated pathways across six
organoids treated with NEO2734, as determined by the MSigDB enrichment tool (blue bars, p < 0.05; red bars, p > 0.05). (F) Heatmap
depicting log2 fold-change values for genes that were significantly upregulated (red) and downregulated (green) by NEO2734 in three
neuroendocrine organoids and JQ1 in two neuroendocrine explants.
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To investigate transcriptional changes associated with
tumour growth inhibition following NEO2734 treatment,
we performed bulk RNA-sequencing on PDXs 224R-Cx
and 435.1A-Cx treated for 11 and 28 days. Across both
PDXs, 1,451 genes were upregulated and 1,503 genes
were downregulated by NEO2734 treatment at both
timepoints (Figure 5B,C). Consistent with the NEPC
organoids and explants, NKX3-1 was upregulated in
NEO2734-treated PDXs. NEO2734 also upregulated
RB1, which frequently undergoes genomic deletions and
mutations in NEPC (Figure 5D) [3]. In contrast,
NEO2734 repressed several neuroendocrine markers,

including ASCL1, INSM1, and SYP (Figure 5E)
[63,64]. GSEA showed that NEO2734 treatment
suppressed neuroendocrine signatures in both PDXs
(Figure 5F,G). There was no evidence of transition to an
adenocarcinoma phenotype as there was no increase in
the expression of markers of prostate luminal epithelial
cells (AR, KLK3, FOLH1, FOXA1) and no consistent
increase in enrichment of AR signatures (data not shown).
We also compared the transcriptional changes induced

by acute in vitro and ex vivo treatments of organoids and
explants versus extended in vivo treatments of PDXs. The
pattern of upregulated and downregulated genes was

Figure 5. NEO2734 inhibits tumour growth and neuroendocrine signalling in PDXs. (A) Percentage change in tumour volume of PDXs 224R-
Cx and 435.1A-Cx treated with vehicle control (black) or NEO2734 (blue) using the one animal per model per treatment (1 � 1 � 1)
approach for up to 28 days. (B, C) Venn diagrams showing the overlapping genes that were (B) upregulated and (C) downregulated in
JQ1-treated neuroendocrine explants and NEO2734-treated neuroendocrine PDXs at 11 and 28 days, and organoids. Genes consistently
upregulated (red) and downregulated (blue) are listed. (D and E) Graphs depicting log2 fold-change of (D) upregulated genes, NKX3-1 and
RB1, and (E) downregulated genes, ASCL1, INSM1, and SYP in PDXs 224R-Cx and 435.1A-Cx treated after 11 and 28 days. (F and G) Graphs
depicting the (F) Beltran et al [3] and (G) Bluemn et al [4] gene set enrichment score in PDXs 224R-Cx and 435.1A-Cx treated with vehicle or
NEO2734 for 11 and 28 days. (H and I) Heatmaps depicting log2 fold-change values for genes that were significantly (H) upregulated (red)
and (I) downregulated (green) by NEO2734 in PDXs 224R-Cx and 435.1A-Cx treated with NEO2734 for 11 and 28 days.
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similar across different timepoints and models, although
the fold-changes were more modest in PDXs
(Figure 5H,I). Four genes were consistently upregulated
(ENDOD1,MIR7-3HG, NRGN, SESN3) (Figure 5B) and
12 genes were consistently downregulated (CAMK1D,
CAPN1, IFITM2, LINC02009, MAPK3, MUC1,
OR51E1, THRA, TSPO, UFC1, VPS35L, ZNF358) across
every organoid, explant, and PDX of NEPC (Figure 5C).
These results are consistent with changes in SESN3 and
MUC1 expression in small cell lung cancer cells treated
with OTX015, a novel BET inhibitor [65]. Additionally,
MUC1 is overexpressed in aggressive disease, includ-
ing NEPC [66–69]. Together, these results demon-
strate that NEO2734 not only inhibits the growth of
patient-derived models of NEPC, it also downregulates
the expression of neuroendocrine transcription factors and
signalling pathways.

Discussion

Continuous suppression of the AR leads to the emergence
of tumours with AR-dependent and AR-independent
mechanisms of treatment resistance. Targeting chromatin
remodelling, such as with BET and CBP/p300 inhibition,
may represent another therapeutic strategy. Initial studies
of BET and CBP/p300 inhibitors attributed their efficacy
in part due to the disruption of AR signalling; however,
recent preclinical and clinical studies have shown prom-
ising results in tumours with low AR activity. This
prompted us to investigate the effect of BET and
CBP/p300 inhibition across the spectrum of prostate
cancer pathologies.
The associations between BRD4, CBP, and p300

expression with AR and neuroendocrine signatures are
complex. In previous analyses of patient samples, one
study showed that BRD4 was positively correlated
with AR levels and an AR signature, whereas another
study observed that BRD4 was upregulated in NEPC,
possibly due to different proportions of AR-null
tumours in each dataset [17,18]. In our PDX cohort,
which had numerous AR-null models, BRD4 and p300
mRNA expression were significantly correlated with
neuroendocrine and AR signatures, but in opposite
directions. However, BRD4, CBP, and p300 each
had overlapping distributions in AR-positive and
AR-null tumours at both the mRNA and protein level.
Therefore, our data demonstrated that BRD4, CBP,
and p300 are all expressed in both AR-positive and
AR-null prostate cancer.
We investigated the combined inhibition of BRD4,

CBP, and p300 with a single agent, NEO2734. Previous
studies have examined NEO2734 in advanced prostate
cancer, including SPOP-mutant prostate cancer and
enzalutamide-resistant CRPC [70,71]. We examined
responses to NEO2734 across aggressive subtypes of
prostate cancer, including NEPC. NEO2734 inhibited
the growth of diverse tumours in vitro across multiple
readouts, with some organoids more sensitive than

others. Among the AR-null organoids, RB1 status may
be a contributing factor, as previously reported [36].

There was a core set of differentially expressed genes
in response to NEO2734 treatment across organoids
with diverse pathologies. Another BET inhibitor, JQ1,
was sufficient to induce the same transcriptional changes
in explants. This common set of differentially expre-
ssed genes may be a useful pharmacodynamic
signature. It includes HEXIM1, a well-characterised
biomarker of BET inhibition [46,49]. Upregulation of
HEXIM1 slows replication forks upon BET inhibitor
treatment [72]. This may have contributed to decreased
organoid growth regardless of pathology, which was also
associated with de-enrichment of the E2F and G2M
signatures [18].

Previous studies in AR-positive prostate cancer have
shown that CBP/p300 inhibitors and BET inhibitors
reduce AR signalling activity. This occurs through
reduced transactivation of the AR or reduced AR occu-
pancy at regulator regions of target genes [11,13,14,17].
Here we examined the transcriptomic changes that were
specific to NEPC, where there is no AR expression.
NEO2734 and JQ1 treatment downregulated several
factors involved in neuroendocrine signalling, including
ASCL1. This is consistent with ASCL1 being a direct
target of BET inhibition in small cell lung cancer [73].
As knockdown of ASCL1 suppresses the growth of both
NEPC and small cell lung cancer, downregulation of
ASCL1 by NEO2734 and JQ1 may be an additional
mechanism of decreased proliferation. Thus, in both
AR-positive prostate cancer and NEPC, CBP/p300 and
BET inhibitors disrupt the activity of lineage-related
transcription factors, specifically the AR and ASCL1.

NEO2734 treatment did not convert NEPC into an
adenocarcinoma phenotype, although there was a mod-
est increase inNKX3.1 expression. This is not surprising,
given the stark epigenomic differences between pathol-
ogies and the necessity of several regulatory factors for
the phenotype of adenocarcinoma, including FOXA1,
HOXB13, and the AR [74,75]. Adenocarcinoma and
NEPC are often considered to exist along a spec-
trum [76]. Although adenocarcinoma can transform into
NEPC through the selective pressure of treatment, it is
not clear if the reverse can also occur, where drug treat-
ment induces neuroendocrine tumours to revert to
adenocarcinoma.

We envisage two scenarios where the ability of BET
inhibitors to target neuroendocrine circuits may be
useful. First, as shown in this study, BET inhibitors
may curtail the growth of neuroendocrine tumours by
suppressing proliferation and lineage-related factors,
such as ASCL1. Second, in tumours that exhibit lineage
plasticity, but have not yet lost the AR and other regula-
tory factors, BET inhibitor treatment may restrain further
transformation to AR-null disease. In both cases, it will
be important to establish a therapeutic window in the
clinic where BET inhibitors can repress neuroendocrine
signalling with manageable side-effects. This has been a
challenge in previous trials where BET inhibitors have
been poorly tolerated by patients. This is probably due to
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the broad expression of BET proteins across different
somatic cell types, including fibroblasts and neurons [12].
For example, in three separate phase 1 clinical trials of
different BET inhibitors, grade ≥ 3 treatment-related
adverse events occurred in 19–53% of patients. This
included haematological adverse events, such as
thrombocytopaenia (4–18%) and anaemia (0–9%)
[20,49,77]. Ongoing trials, including the phase 1 study
of NEO2734 (NCT05488548) and phase 2 studies of
ZEN-3694 (NCT04471974, NCT04986423) may clarify
the tolerability of targeting BET proteins in all patients
with CRPC, potentially with varying pathology.

In summary, by using patient-derived models to
re-evaluate the activity of BET and CBP/p300 inhibition,
we demonstrate that NEPC is sensitive to therapies that
target chromatin remodelling and suppress the inter-
linked processes of neuroendocrine signalling and cell
proliferation.
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