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ABSTRACT

Purpose: Small-cell neuroendocrine prostate cancer (SCNPC) exhibits an aggressive clinical course
and incidence rates appear to be increasing following resistance to potent androgen receptor (AR)
antagonists. Currently, treatment options are limited and few model systems are available to identify
new approaches for treatment. We sought to evaluate commonalities between SCNPC and other ag-

gressive neuroendocrine carcinomas to identify therapeutic targets.

Experimental Design: We generated whole transcriptome RNAseq data from AR-active prostate
cancers (ARPC) and SCNPCs from tumors collected at rapid autopsy, and two other NE carcinomas,
Merkel Cell Carcinoma (MCC) and small-cell lung cancer (SCLC). We performed cross-tumor com-
parisons to identify conserved patterns of expression of druggable targets. We tested inhibitors to
highly upregulated drug targets in a panel of PC cell lines and in vivo patient-derived xenograft (PDX)

models.

Results: We identified BCL2 as highly upregulated in SCNPC compared to ARPC. Inhibitors target-
ing BCL2 induced apoptotic cell death in SCNPC cell lines at nanomolar concentrations while ARPC
cell lines were resistant. Treatment with the BCL2 inhibitor Navitoclax lead to a reduction of growth of
SCNPC PDX tumors in vivo, while ARPC PDX models were more resistant. We identified Weel as a
second druggable target upregulated in SCNPC. Treatment with the combination of Navitoclax and
the Weel inhibitor AZD-1775 repressed the growth of SCNPC PDX resistant to single agent BCL2

inhibitors.

Conclusions: The combination of BCL2 and Weel inhibition presents a novel therapeutic strategy for
the treatment of SCNPC.

Statement of Translational Relevance: BCL2 inhibition may have single-agent efficacy in subsets of
SCNPC. The efficacy of the dual inhibition of BCL2 and Weel in pre-clinical models represents a

therapeutic strategy with the potential to overcome resistance to BCL2 inhibitors.
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INTRODUCTION

Prostate cancer (PC) is notable for a general dependency on androgen receptor (AR) signaling for
survival and proliferation, a feature which has served as the major focal point of treating metastatic
PC for decades. However, a small subset of PCs exhibit histologic characteristics of small cell carci-
nomas similar to small cell cancers found in other organs with small-blue-round-cell morphology and
the expression of proteins associated with neuroendocrine (NE) functions such as chromogranin and
synaptophysin (1). These carcinomas lack AR activity and respond poorly to AR-directed therapy.
While de novo small cell PC is very rare representing <1% of all PCs at diagnosis (2), in the context of
intense therapeutic pressures designed to antagonize AR signaling, a subset of resistant PCs lose or
attenuate the expression of AR regulated genes and gain the expression of NE-associated genes
without exhibiting small cell morphology. These PCs which we collectively refer to as small-cell or
neuroendocrine prostate cancer (SCNPC) respond poorly to conventional therapies and have sub-
stantially worse outcomes. Overt small cell PCs and the treatment-associated SCNPCs frequently
demonstrate bi-allelic inactivation of RB1 and TP53 tumor suppressor genes. Of interest, treatment-
associated SCNPC often carry genomic alterations identical to the original adenocarcinoma, such as
the TMPRSS2-ERG gene rearrangement, indicating either a common progenitor, or that SCNPC aris-
es from the transdifferentiation of an existing adenocarcinoma following repression of the major line-
age-directing AR program. Transdifferentiation has been described in other malignancies such as
lung adenocarcinoma where resistance to EGFR inhibition is associated with the emergence of small
cell lung cancer (SCLC) phenotypes (3,4). The molecular events regulating transdifferentiation and
the acquisition of NE characteristics is an active area of investigation.

The aggressive behavior of SCNPC underscores a critical need in the field to identify effective
therapeutic strategies. One approach, centered on defining the major differences in oncogenic drivers
between AR-active PCs and those with SCNPC characteristics, identified MYCN (5,6), an oncogene
implicated in the initiation of other NE tumor types such as neuroblastoma and whose expression
and/or amplification is also associated with SCLC (7-9). A common mechanism has been proposed by
which Aurora kinase A stabilizes N-Myc protein in both MYCN-amplified neuroblastoma and MYCN-
amplified SCNPC (5,10). Clinical trials with the Aurora kinase inhibitor Alisertib have demonstrated
that a subset of patients with molecular features supporting Aurora-A and N-Myc activation exhibited
significant clinical benefit (11).

To date, most studies of SCNPC have focused on comparing tumors of prostate origin. However,
the rarity of SCNPC and lack of model systems with which to interrogate the disease and test poten-
tial therapeutics has constrained progress. Recent ‘pan-cancer’ analyses indicate that comparisons of
cancer subtypes arising in divergent organ sites can yield information with respect to cell of origin,

common developmental processes, and actionable targets. Notably, a pan-cancer analysis identified
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an adult stem cell signature that associates with aggressive variants across epithelial neoplasms and
which was patrticularly elevated in small cell/neuroendocrine tumors (12).

In this study our objective was to identify therapeutic vulnerabilities in SCNPCs. To ascertain po-
tential targets, we evaluated the transcriptional programs of three tumor types that exhibit small cell
and/or NE features: SCNPC, SCLC, and Merkel cell carcinoma (MCC). Focusing on the druggable
genome, we identified several candidates including BCL2 and Weel, and demonstrated preclinical in
vitro and in vivo efficacy of clinical inhibitors against BCL2 and Weel. These studies provide rationale
to evaluate the efficacy of BCL2 and Weel directed therapy in patients with SCNPC.

METHODS AND MATERIALS

Patient sample and RNA collection. Prostate cancer metastases were collected as part of the Pros-
tate Cancer Donor Program at the University of Washington. Collection of samples and RNA isolation
of UW prostate cancer samples was carried out as previously described (13). Merkel cell carcinoma
patient samples and RNA were collected as part of a previously published study (14). SCLC patient
samples were obtained through the Cooperative Human Tissue Network. SCLC cell lines NCI-H1436,
NCI-H1672, NCI-H1963, NCI-H2141, NCI-H2195, NCI-H735, NCI-H774 were obtained from ATCC.
RNA from tumor samples and cell lines was extracted with TRIzol (Invitrogen).

RNA-sequencing library prep and read processing. The purity and concentration of RNA was as-
sessed by Nanodrop (Thermo Fisher) and Agilent Bioanalyzer. One microgram of total RNA was
used as input to either the Illlumina Tru Seq RNA Library Kit v2 or the lllumina TruSeq Stranded
MRNA Library prep kit and libraries were prepared and barcoded according to the manufacturer’s pro-
tocol. Libraries were sequenced on the Illlumina HiSeq 2500 generating either 50 or 75 base-pair
paired end reads. Resulting reads were mapped to the hg38 human genome with TopHat v2.0.14
and transcript abundance was measured using the R Bioconductor package Genomic Alignments
v1.18.0. Sequencing reads from patient-derived xenograft libraries were aligned to both hg38 human

and mm10 mouse genomes.

Statistical Analyses. Differential expression analyses of RNA-sequencing data were carried out us-
ing the Bioconductor package edgeR v3.24.2 with transcript abundances as input. An FDR threshold
of <0.05 was used as a cut-off for differential expression assessment. Multi-dimensional scaling anal-
ysis was conducted with all measured genes as input to the R Bioconductor package limma v3.38.3.
Calculation of AR and NE signature scores were carried out using the Bioconductor package

GSVA v1.30.0 using z-score normalized log, FPKM values as input. Scatterplots were created using
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ggplot2 v3.1.0 and the Pearson correlation between gene and signature score was calculated using
the ggpubr v0.2 stat.cor() function.

Boxplots for individual genes were created with ggplot2 v3.1.0 and statistical assessment between
groups was assessed by Student’s t-test using the ggpubr v0.2 stat_compare_means() function.

Guilt-by-association analysis was performed by calculating the Pearson correlation between the
log,FPKM expression of the IncRNA with that of each protein coding gene across all samples. Abso-
lute values of the Pearson correlations were sorted and the top 1% most highly correlated protein cod-
ing genes was used as input to identify enriched KEGG pathways with the gProfiler R package. Addi-
tional KEGG enrichment analysis was also performed with the gProfiler R package.

RNA-seq data from previously published datasets Bluemn et al., 2017, Aggarwal et al., 2018, and
Abida et al. 2019 was analyzed and sample phenotypic groups were assigned for each cohort using
classical multidimensional scaling (MDS) calculated with the cmdscale function in R on the expression
profiles of 34 genes from the combined lists of “NEURO [I”, “NEURO II”, and “AR” gene signatures in
Labrecque et al (15) and the “NE” and “AR” signatures in Bluemn et al. (13). The distance metric was

“euclidean” calculated by dist function on the columns (samples.)

Cell Lines. The cell lines, LNCaP (ATCC), C4-2 (ATCC), MSKCC EF1 (gift from John K. Lee), MKL-1
(Sigma), VCaP (ATCC), LAPC4 (qgift of Charles Sawyers), NCI-H660 (ATCC), NCI-H82 and NCI-H69
(ATCC), MS-1 (Sigma) were maintained in a 37°C incubator with 5% CO, and grown in medium sup-
plemented with fetal bovine serum and other additives as recommended by ATCC or the cell line pro-
vider. STR genotyping was used to authenticate the lines and cells were confirmed to be mycoplasma
free using the MycoAlert Detection Kit (Lonza, LT07-418). Cells were cultured no longer than 10 pas-

sages after thawing and before experimental use.

Protein isolation and immunoblotting. Cell lines were washed 1x with PBS prior to the addition of a
cell lysis buffer (1.5M Urea, 1% SDS, 1% NP-40, 2% Tween20, 250 nM NacCl, PBS) supplemented
with 1x phosphatase inhibitors (PhosStop, Roche Diagnostics) and a 1x protease inhibitor cocktail
(Complete Mini, Roche Diagnostics). PDX tissues were pulverized in liquid nitrogen with a mortar and
pestle prior to the addition of lysis buffer. Lysates were sonicated and then centrifuged to clear de-
bris. Protein quantification was performed using the Pierce bicinchoninic acid assay (Thermo Scien-
tific). Lysates were run on a 4-12% NuPage Bis-Tris gel and protein was transferred to a nitrocellulose
membrane in Tris/CAPS buffer using a semi-dry transfer apparatus. Membranes were blocked and
incubated with antibody solutions in 5% milk powder in 1x PBS with 0.01% Tween. Primary antibod-
ies targeting BCL2 (Santa Cruz Biotechnologies, sc-7382, 1:500), BCL-XL (Cell Signaling, 2764,
1:1000), BCLW (Cell Signaling, 2724, 1:1000), Cleaved Caspase-3 (Cell Signaling, 9661S, 1:1000),
WEE1 (Cell Signaling, 13084, 1:1000) phospho-cdc2(Tyrl5) (Cell Signaling, 4539, 1:1000), AR
5
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(Abcam, ab133273, 1:2000), PSA (Santa Cruz Biotechnologies, sc7638, 1:100) and GAPDH (Bio-
Rad, hFAB Rhodamine, cat# 12004167, 1:5000) were used. Secondary antibodies used were Goat-
anti-Rabbit (Goat anti-Rabbit IgG (H+L) Secondary Antibody, HRP cat# 31460, 1:5000) and Goat-anti-
Mouse (BioRad, StarBright Blue 700 cat# 12004158, 1:5000). Blots were imaged using the Chemi-
Doc MP (BioRad).

Immunohistochemistry. LuCaP tissue microarrays (TMAS) were constructed and stained as previ-
ously described (16). Antibodies directed toward the detection of BCL2 [EPR17509] (Abcam, cat#
ab182858) p-CDK1 (Abcam, ab-133463) and Weel (Santa Cruz Biotechnologies, sc-5258) were used
according to the manufacturer’s instructions. Staining assessment was blinded and the H-score was

calculated and averaged across multiple tissue/tumor cores for the same LuCaP PDX line.

Drug treatments of cell lines. Cell lines were seeded in 96-well plates in 50ul media 24 hours before
the addition of the inhibitor. Serial dilutions of inhibitors were made in media and 50ul of a 2x inhibitor
solution were added to plates containing cells. At least three technical replicates for each dose were
plated. The maximal amount of DMSO for each serial dilution was used as a vehicle control for all
dose points. Viability was assessed 96 hours after addition of inhibitor using the Cell Titer-Glo 2.0
Assay (Promega), following the manufacturer’s protocol. Dose-response curves shown are an aver-
age and standard deviation of 3 biological replicates for each cell line and each inhibitor. Non-linear
regression curves were fitted to the average of biological replicates in GraphPad Prism7. Inhibitors
used were ABT-199 (Selleckchem, S8048), ABT-263 (Selleckchem, S1001), Gambogic Acid (Selleck-
chem, S2448), A-1155463 (Selleckchem, S7800), and AZD-1775 (Selleckchem, S1525).

For assessment of cell death with cleaved caspase-3 immunoblot, cells were plated in 10cm dish-
es in media. After 24 hours, the media was changed to media containing DMSO or 100nM ABT-263.

Cells were harvested 24 hours post-addition of drug and lysates collected as described.

Tumor Dissociation and Drug Treatment. LuCaP PDX tumors were harvested, minced, and placed
in digestion media containing 1 mg/mL collagenase and 1 mg/mL dispase. Then, tumor mixtures were
incubated at 37 degrees Celsius for 1 hour. Digested tissue was passed through 20G needles and
100m and 40m filters before counting. Cells were plated in 6-well dishes and treated with either vehi-
cle (DMSO), AZD-1775 (500 nM final concentration), ABT-263 (final 20nM) or the combination AZD-
1775 and ABT-263 (500nM + 10nM). After 72 hours, protein was harvested.

siRNA treatment of cell lines. Cells were plated 24 hours before transfection in 6-well or 96-well

plates. Cells were transfected with 60nM (final concentration) Non-targeting siRNA (Dharmacon, cat

# D-001206-13-20, sSiGENOME Non-Targeting siRNA Pool #1) or BCL2 siRNA (Dharmacon, cat¥# M-
6
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003307-06-0010, SMARTpool: SIGENOME BCL2 siRNA) using TransIT-TKO Transfection Reagent
(Mirus, cat# MIR 2154) following the manufacturer’s instructions. Protein was collected and viability
was assessed 96 hours post transfection. Data shown are an average and standard deviation of

three biological replicates.

Patient derived xenograft studies. All animal procedures were approved by UW Institutional Animal
Care and Use Committee (IACUC) and according to NIH guidelines. Male mice (n=24 per PDX) were
implanted subcutaneously with tumor bits using a trocar. We used LuCaP 49, LuCaP 93, LuCaP
173.1, LuCaP 145.1, and LuCaP 145.2 SCNPC PDX models. When tumors reached ~100 mg, ani-
mals were randomized to treatment groups. We were aiming for three animals with tumor per arm: 1)
control, 2) ABT-263; 3) AZD-1775, 4) ABT-263+AZD-1775. ABT-263 was formulated at 50/mg/kg in
10% ethanol, 30% polyethylene glycol 400 and 60% Phosal 50PG and AZD1775 was formulated at
60mg/kg in 0.5% w/v methyl cellulose. Both drugs were administered by oral gavage once a day, with
five days on-two days off regimen. In the combination group ABT-263 was administered first and
AZD-1775 90 minutes later. Treatments were administered for four weeks. Tumor volume and body
weight were measured twice a week. Animals were sacrificed at four weeks, when tumors exceed

1000mg or when animal health was compromised.

RESULTS

Neuroendocrine carcinomas from different tissues of origin share gene expression programs.
To identify potential therapeutic targets in SCNPC, we began by defining transcriptional programs
associated with NE carcinomas across tissue types. We evaluated whole-transcriptome RNA-
sequencing (RNAseq) data that included 25 PC metastases from a previously published study (17),
and newly generated RNAseq data from 91 castration-resistant prostate cancer (CRPC) metastases,
8 MCC patient tumors and 12 SCLC metastases or cell lines. We first sub-classified the CRPC tumors
using a published 10 gene signature of AR program activity and a 10 gene signature associated with
NE differentiation (13) (Fig. 1A). We designated AR+/NE- tumors as AR program-active prostate can-
cers (ARPCs), and AR-/NE+ tumors as small cell/neuroendocrine prostate cancers (SCNPCs). MCC
and SCLC exhibited high expression of NE-signature genes in concordance with samples in the
SCNPC category, and did not express AR-signature genes (Fig. 1A). On a global level, multi-
dimensional scaling analysis demonstrated that MCC and SCLC cluster with SCNPC samples and
away from ARPCs (Fig. 1B). We next sought to identify additional genes that distinguish SCNPC from
ARPCs and found 817 genes with high consistent differential expression (JlogFC |24 and FDR<0.05)
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that also displayed similar expression across MCC and SCLC (Fig. 1C). Disregarding the level of dif-
ferential expression, 4,988 out of 20,413 genes measured by RNA-sequencing distinguished ARPC
from NE-associated cancers (FDR<0.05). The genes commonly upregulated in the NE-associated
cancers are enriched for KEGG pathways associated with neuronal and cell cycle-related pathways
(Fig. S1A).

The gene expression programs associated with NE differentiation comprise both unique effector
proteins that carry out specialized cell functions as well as transcription factors that regulate the activi-
ty of downstream networks dictating cell identity. We next sought to determine which shared transcrip-
tion factors (TFs) across NE tumors may drive a common cell fate and potentially regulate shared
therapeutic targets. To meet the criteria of a TF, we combined human TFs from the Functional Anno-
Tation Of the Mammalian Genome (FANTOMbS) database with all proteins that were associated with
“transcription factor activity” in the AmiGO database. Of the 4,988 conserved NE-associated genes,
444 met the TF criteria. Notably, the most-highly expressed TFs include several known to regulate
neuronal or NE differentiation programs, including SOX2, NEUROD1, and HES6 (Fig. 1D). The most
differentially upregulated TF between ARPCs and NE tumors, ST18, is associated with neuronal dif-
ferentiation and is highly expressed in endocrine cells in the pancreas. Another highly upregulated
transcription factor, MYTLL, has been implicated in the maintenance of NE differentiation (18), and
can reprogram fibroblasts into neurons when co-expressed with BRN2 and ASCL1 (19). Elevated
MYTLL is correlated with poor prognosis in patients with medulloblastoma (20), another small cell tu-
mor type.

Members of the MYC family of transcription factors are commonly altered in PC. Consistent with
previous findings, MYC is expressed highly in ARPCs (Fig. 1E) whereas MYCN is elevated in all three
NE tumor types profiled relative to ARPC (Fig. 1F). We found that MYCL is also highly expressed
across the three NE tumor types relative to ARPC (Fig. 1G), and has recently been implicated in the
initiation of SCLC (21).

Long non-coding RNAs (IncRNAS) are typically lowly expressed but are highly tissue specific. The
expression of INcCRNAs has been associated with prognosis in some cancers, including small-cell NE
cancers. Several IncRNAs, such as HOTAIR and Schlap-1 are associated with PC proliferation and
invasion (22,23). We derived a list of IncRNAs and pseudogenes from ENSEMBL and NCBI GRch38
annotations and determined that 447 out of 2283 IncRNAs and pseudogenes quantitated by RNA-
sequencing are upregulated across SCNPC, SCLC and MCC relative to ARPCs (Fig. S1B). As the
majority of IncRNAs have unknown functions, we conducted a guilt-by-association analysis for the top
50 most highly expressed NE-associated IncRNAs (24). These 50 IncRNAs have high correlation to
protein coding genes associated with KEGG pathways related to neuronal processes and PC (Fig.
S10).
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Recent studies profiling the temporal alterations in gene expression during transitions from ARPC
to SCNPC identified several hundred IncRNAs associated with the acquisition of the SCNPC pheno-
type (25). Notably, the expression of several InCRNAs is associated with the rapid development of
metastasis following ADT. We found a high degree of overlap between the IncRNAs upregulated
across the NE cancers we evaluated, and those explicitly associated with PC transdifferentiation: of
122 transcripts comprising a IncRNA SCNPC signature, 100 (80%; p<0.0001) were differentially regu-
lated across SCLC and MCC. Although IncRNAs may serve as markers of NE differentiation and have

utility in predicting treatment outcomes, they are currently challenging to exploit as therapeutic targets.

Profiling the druggable genome across NE tumors identifies therapeutic targets in SCNPC

To identify potential conserved dependencies on druggable targets amongst NE tumors, we pro-
filed the expression of genes comprising the druggable genome (26). Of 4,026 druggable targets
measured, 875 had similar expression across NE tumors relative to ARPCs (Fig. 2A). A subset of
druggable targets are represented by cell surface proteins expressed uniquely on subtypes of neo-
plastic cells that can be exploited for immune-based therapy and for antibody or small molecule deliv-
ery of targeted therapeutics. Notably, the Notch ligand receptor DLL3 was among the top differentially
upregulated cell surface proteins between ARPCs and the NE tumors (Fig. 2A,B). DLL3 has previ-
ously been shown to be upregulated in SCLC. An antibody-drug conjugate, Rovalpituzumab tesirine,
has demonstrated clinical efficacy toward SCLCs and is currently being investigated in clinical trials
(27). As with the human tumors, we found that DLL3 expression was upregulated in NEPC PDX mod-
els compared to ARPC PDX models (Fig. 2C). These data suggest that therapeutics targeting DLL3
may be broadly effective across NE tumors including SCLC, SCNPC and MCC.

Additional targets that exhibited differential upregulation in NE tumors relative to ARPCs include
aurora kinase A and B (AURKA, AURKB), the anaplastic lymphoma kinase A (ALK), and the bromo-
domain and extra terminal domain family member BRD4 (Fig. 2A). Recent studies have demonstrat-
ed the efficacy of BET inhibitor therapy in preclinical models of SCLC with downregulation of the neu-
ronal lineage transcription factor ASCL1 and the induction of apoptosis (28). Further, BET inhibitors
have been shown in preclinical studies to be particularly effective in MYC-driven cancers such as neu-

roblastoma (29), which is also a feature of SCNPCs where MYCN and MYCL are highly expressed.

BCL2 is atherapeutic target in SCNPC
Transcripts encoding the antiapoptotic protein BCL2 were among the most highly expressed drug-
gable targets across NE carcinomas (Fig. 2A,D). We chose to focus on BCL2 as both MCC and sub-
sets of SCLC have previously been shown to be sensitive to BCL2 family inhibitors but their effects
have not been described in SCNPC (30,31). We determined that other frequently co-targeted mem-
bers of the BCL2 family, BCLXL and BCLW were not differentially upregulated in SCNPC (Fig.
9
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S2A,B). BCL2 expression was significantly higher in SCNPCs versus ARPCs in 3 independent stud-
ies of metastatic CRPC (Fig. 2E-G)(13,32,33). BCL2 expression is also significantly positively corre-
lated with the 10 gene NE-signature score and significantly negatively correlated with AR-activity (Fig.
2H,1). BCLXL expression has no significant correlation with either signature score and BCLW expres-
sion is positively correlated with AR-activity and negatively correlated with the NE-signature (Fig.
S2C-F).

We next assayed BCL2 family protein levels across a panel of cell lines that include ARPC, rep-
resented by LNCaP, C4-2, LAPC4 and VCaP, and SCNPC, represented by the NCI-H660 and
MSKCC EF1 lines. MCC lines are designed MKL-1 and MS-1. SCLC lines are NCI-H69, NCI-H82. In
agreement with the tumor-derived transcript data, BCL2 protein is highly expressed across the majori-
ty of the NE cell lines, including NCI-H660, and was not detectable in the ARPC lines (Fig. 2J).

We next assessed the responses to pharmacological inhibitors of BCL2 family proteins across
ARPC and SCNPC cells. We determined that SCNPC NCI-H660 and MSKCC EF1 cells are substan-
tially more sensitive to the pan BCL-XL, BCL-W, and BCL2 inhibitor ABT-263, and the more selective
BCL2 inhibitor, ABT-199, than other prostate lines profiled (Fig. 3A,B). For example, the approximate
IC50 concentrations of ABT-199/Venetoclax in NCI-H660 versus the ARPC LNCaP are 50nM vs
500nM, respectively. In addition, NCI-H660 and MSKCC EF1 have comparable sensitivity to other
prostate lines when treated with the more selective BCL-XL inhibitor A115463 (Fig. 3C) or the more
selective BCL-W inhibitor, Gambogic Acid (Fig. 3D). A 24 hour treatment with 200nM ABT-263 is suf-
ficient to induce cell death in NCI-H660 SCNPC cells, as evidenced by cleaved caspase-3 whereas
ARPCs showed no evidence of an apoptotic response (Fig. 3E). We also profiled the response of this
prostate cancer cell line panel to older generation BCL2 inhibitors Sabutoclax, Obatoclax, and a se-
lective MCL1 inhibitor, A1210477. However NCI-H660 was equally or less sensitive to these com-
pounds than other prostate cancer cell lines (Fig. S3A-D). In agreement with the pharmacological
studies, siRNA knockdown of BCL2 decreased viability of NCI-H660 but not LNCaP cells (Fig. S3E-
H).

To further assess the efficacy and specificity of targeting BCL2 in SCNPC, we evaluated the ef-
fects of pharmacological BCL2 inhibition on patient derived xenograft (PDX) models of SCNPC. RNA-
seq confirmed that SCNPC PDX tumors expressed significantly higher levels of BCL2 transcripts
compared to ARPC PDX tumors (Fig 3F). These findings were confirmed by Western Blot analysis of
BCL2 protein in on a panel of PC PDX tumors: BCL2 protein was highly expressed in five of five
SCNPC PDX lines whereas 3 of 4 ARPC PDX lines had no detectable BCL2 and 1 expressed low
levels (Fig 3G). Immunohistochemical analysis confirmed high BCL2 expression in SCNPC relative
to ARPC tumors with the majority of ARPCs having no detectable staining (Fig. 3H). Mirroring the pa-
tient tumors, BCL2 expression levels in PDX models are positively correlated with the NE-signature
score (Fig. 3I).

10
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We treated 5 castration-resistant SCNPC PDX models, LuCaP49, LuCaP93, LuCaP173.1, Lu-
CaP145.1, and LuCaP145.2 with the BLC2 antagonist ABT-263/Navitoclax. Compared to vehicle con-
trol, ABT-263 significantly reduced the growth of 2 lines, LuCaP49 and LuCaP173.1 for an overall re-
sponse rate of 40% (Fig. 3J). Notably, LuCaP49 PDX tumor volumes at the 4-week end of study
evaluation were over 4 times smaller for ABT-263 treatment than vehicle control (p =0.05 by Student’s
t-test).

Targeting the Weel Kinase with BCL2 inhibition represses SCNPC growth

While the in vitro studies indicated that NE carcinomas cells are sensitive to BCL2 antagonism
and two in vivo PDX models of SCNPC confirmed the anti-tumor activity of BCL2 inhibition, we deter-
mined that three SCNPC PDX lines were resistant to ABT-263 (Fig. 3J). BCL2 levels in the resistant
PDX tumors approximated the levels of BCL2 in the responsive tumors (Fig. 3G). We evaluated pro-
tein levels of other BCL2 family members that may contribute to resistance to ABT-263 in the PDX
tumors, however no single protein was able to distinguish responding vs. non-responding models
(Fig. S3I). We next evaluated the druggable genome data for additional differentially expressed tar-
gets with available pharmacological inhibitors. These analyses determined that the mitotic checkpoint
kinase Weel is differentially upregulated in NE carcinomas versus ARPCs (Fig. 4A-D). Weel expres-
sion was negatively associated with AR activity in PC metastases and PDX lines and positively asso-
ciated with NE activity in PC PDX models (Fig. 4E-1). We confirmed that Weel protein is highly ex-
pressed in SCNPC cell lines and PDX models compared to ARPC models, as assessed by Western
Blot and IHC (Fig. 4J,K and S4A,B). Notably, Weel inhibition has demonstrated efficacy in neuro-
blastoma, small cell lung cancer, medulloblastoma, and other NE-associated malignancies (34-38).

We evaluated the effects of the Weel antagonist AZD-1775 across the SCNPC PDX models and
SCNPC cell lines. As a single agent, AZD-1775 has minimal activity toward SCNPC cell lines in vitro,
though more substantial effects toward ARPC lines (Fig. S5A-D). We next combined AZD-1775 with
ABT-263. These drugs exhibited synergy in the SCNPC lines with a combination index score of 0.556
in NCI-H660 (Fig. S5E,F) while demonstrating at best additive effects in the ARPC lines tested (Fig.
S5G,H). To assess on-target Weel inhibition, we measured the phosphorylation of downstream Kki-
nase CDK1 and confirmed that exposure to AZD-1775 reduced the inhibitory phosphorylation of this
key regulator of mitosis (Fig S4C-E). Consistent with the in vitro results, only very modest single
agent AZD-1775 activity was observed in 2 SCNPC PDX models with 3 showing no responses (Fig.
4N). The combination of ABT-263 and AZD-1775 significantly inhibited the growth of four of five
SCNPC PDX lines (80% response rate). Notably, the ABT-263-resistant LuCaP93 SCNPC line
demonstrated marked sensitivity to the drug combination with average end of study tumor volumes 4
times larger in control or AZD-1775 treatment arms versus AZD-1775 plus ABT-263 (Fig. 4N)
(p=0.017, Student’s t-test).
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DISCUSSION

The emergence of therapy-associated neuroendocrine differentiation in patients with metastatic
prostate cancer portends a short survival with very limited benefit from current therapeutics. These
poor outcomes are mirrored by low survival rates in other neuroendocrine tumors such as small cell
lung cancer and metastatic Merkel cell carcinoma. Notably, these malignancies share a number of
oncogenic features that include loss of TP53 and RB1 tumor suppressor function and gain of MYC
activity. In the present study we identified additional phenotypic similarities that include a large hum-
ber of co-expressed INcCRNAS, transcription factors that influence neuronal and neuroendocrine activi-
ty, and cell surface proteins that represent viable therapeutic targets. As the majority of SCNPCs in-
cluded in the present study were associated with treatment, future studies are required to confirm
concordance with de novo SCPC.

MYCN is perhaps the most notable transcription factor proposed to drive neuroendocrine cancers
arising in diverse organs including neuroblastoma, SCLC and SCNPC where it may function to pro-
mote lineage switching (39,40). We found that MYCL, another MYC family member recently implicat-
ed in the initiation of SCLC (21), is also highly expressed in MCC and SCNPC. In addition, we identi-
fied 373 transcription factors with expression patterns conserved across MCC, SCLC, and SCNPC.
Whether these factors are driving the neuroendocrine phenotype or are merely a consequence of it,
remains to be explored.

LncRNAs represent a class of transcripts attracting attention for their roles in promoting the ma-
lignant features of some tumors. We identified 285 IncRNAs with conserved expression patterns
across MCC, SCLC, and NEPC. Of the most highly expressed pan neuroendocrine-associated
INcRNAs we identified, MIAT and LINC01346 have high correlation with the expression of genes in-
volved in the KEGG prostate cancer pathway. MIAT has previously been identified as highly ex-
pressed in NEPC, however LINC01346 has no previously described connection to prostate can-
cer. The elevated expression of MIAT and LINC01346 and their pan-neuroendocrine correlation sug-
gest that it may also play a role in supporting the growth or maintenance of these tumors.

The identification of cancer-specific cell surface molecules is increasingly relevant with the advent
of successful Chimeric Antigen Receptor (CAR) T-cell therapies and antibody-drug conjugates
(ADCs). ADCs directed toward the cell surface protein DLL3 have produced responses in patients
with SCLC and SCNPC (27,41). CEACAMS5 was recently identified as a cell surface antigen selective-
ly enriched in SCNPC (42). Although CEACAMS5 is highly expressed in SCNPC and SCLC, we found
it to be lowly expressed in MCC and therefore did not fall into our list of pan neuroendocrine-

associated genes.
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We identified several potential druggable targets spanning SCNPC, SCLC, and MCC that included
the anti-apoptotic protein BCL2. Elevated BCL2 protein expression has been identified in multiple
neuroendocrine tumor types, though not specifically SCNPC, and BCL2 inhibition has recently been
shown to induce cell death in MCC and SCLC cell lines with high levels of BCL2 protein (30,31). A
generalized model to explain high levels of anti-apoptotic BCL2 family member expression in many
cancers has been proposed in which a cell undergoing oncogenic transformation will be subjected to
higher apoptotic-stress and upregulation of pro-apoptotic BCL2 family members; thus the cell needs
to acquire compensatory alterations to overcome apoptotic cues. In lymphomas, MYC amplifications
are often seen in conjunction with BCL2 amplification and in neuroblastoma, MYCN amplification is
correlated with higher BCL2 levels (43). In prostate cancer, the AR has been shown to directly repress
BCL2 transcription and consequently AR antagonist therapy results in elevated BCL2 (44,45).

Though BCL2 has long been viewed as an attractive therapeutic target, only recently have inhibi-
tors been developed with potent anti-BCL2 activity and tolerable side-effect profiles. The BCL-2 an-
tagonist Venetoclax was recently approved as a treatment for chronic lymphocytic leukemia and acute
myelogenous leukemia, and clinical trials in other tumor types are underway. Recent studies demon-
strated effects of BCL2 inhibition in preclinical models of AR-low prostate cancers and in combination
with AR blockade in AR-active preclinical models (45). Although the combination of BCL2 and Weel
inhibition is novel, it has previously been proposed that BCL2 family proteins can regulate sensitivity
to anti-mitotic agents (46,47). CDK1, negatively regulated by Weel, phosphorylates and inactivates
anti-apoptotic BCL2 family members, including BCL2, during prolonged mitosis leading to cell death
(48,49). It is our hypothesis that further inhibition of BCL2 results in the synergistic effects of AZD-
1775 and ABT-263. Our studies support testing BCL2 inhibitors in patients with AR-null SCNPC, and
evaluating additional therapeutics such as Weel antagonists that could synergize with BCL2-directed

therapeutics in SCNPCs that resist single-agent treatment.
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FIGURE LEGENDS

Figure 1. Neuroendocrine carcinomas originating in different organ sites share gene expression pro-
grams. (A) Heatmap showing relative transcript levels measured by RNA sequencing of AR-signature
genes and NE-sighature genes across patient metastases and cancer cell lines. ARPC, androgen re-
ceptor active prostate cancer; SCNPC, small cell neuroendocrine prostate cancer; MCC, Merkel cell
carcinoma; SCLC, small cell lung cancer. (B) Multi-dimensional scaling analysis of samples across all
genes measured by RNA-sequencing. (C) Heatmap of top 817 differentially expressed genes (|log,
fold change| >4, FDR 0.05) in SCNPC vs. ARPC tumors with expression shown across all samples.
(D) Heatmap of the expression 444 transcription factors differentially expressed between ARPCs and
neuroendocrine cancers. (E-G) Expression levels of MYC family members across tumor subtypes de-
termined by RNAseq (* indicates p < 0.05, ** = p < 0.01, ** = p < 0.001, **** = p < 0.0001 by Stu-
dent’s t-test).

Figure 2. Analyses of the druggable genome identifies BCL2 as a candidate therapeutic target in
SCNPC. (A) Heatmap displaying genes in the druggable genome with differential expression between
ARPCs and neuroendocrine tumors. (B) Expression of the transcript encoding the cell surface notch
pathway gene DLL3 in (B) human tumors and (C) patient derived xenografts (PDX). (D) Expression of
transcripts encoding BCL2 across tumor subtypes. (E-G) Boxplots depicting BCL2 transcript levels
measured by RNAseq in metastatic tumors from patients with CRPC. (H,I) Pearson correlations be-
tween the neuroendocrine (NE) or androgen receptor (AR) signature score and gene expression. (J)
Western Blot of selected BCL2 family members across a panel of cell lines. ARPC, AR program active
prostate cancer; SCNPC, small cell neuroendocrine prostate cancer; SCLC, small cell lung cancer;
MCC, Merkel cell carcinoma. * indicates p<0.05, ** = p<0.01, ** = p<0.001, **** = p<0.0001 by Stu-

dent’s t-test.

Figure 3. BCL2 antagonists inhibit the growth of SCNPC. (A-D) Dose response curves of BCL2-family
inhibitors across a panel of prostate cancer cell lines. NCI-H660 and MSKCC EF1 are SCNPC, and
LNCaP, C4-2, LAPC4, and VCaP are ARPC. (E) Western Blot for cleaved caspase-3 following 24
hour treatment with ABT-263 across the indicated cell lines. (F) BCL2 expression in ARPC versus
SCNPC PDX models determined by RNAseq. p = 0.011 by Student’s t-test. (G) Western Blot of se-
lected BCL2 family members across a panel of prostate cancer PDX models. (H) Quantification of
BCL2 staining of LuCaP TMA. (I)Scatterplot depicting Pearson correlation between the NE signature
score and BCL2 gene expression in PDX lines. (J) Normalized tumor volumes of PDX models treated
with vehicle control or ABT-263. ***p<0.05.
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Figure 4. WEEL1 inhibition can enhance the effects of BCL2 antagonism in SCNPC. (A) Boxplot of
Weel expression across patient metastases and cell lines. ARPC, AR active prostate cancer;
SCNPC, small cell neuroendocrine prostate cancer; MCC, Merkel cell carcinoma; SCLC, small cell
lung cancer. (* indicates p < 0.05, **= p < 0.01, ***= p < 0.001, **** = p < 0.0001 by Student’s t-test).
(B-D) Boxplots showing WEEL1 transcript expression measured by RNAseq in metastatic CRPCs in
three independent studies. (E,F) Scatterplots depicting Pearson correlation between WEE1 transcript
levels and NE signature score, or AR signature score. (G) Boxplot of WEE1 expression in ARPC and
SCNPC PDX models of prostate cancer (p-value from Student’s t-test). (H,l) Scatterplots depicting
Pearson correlation between WEE1 transcript levels and NE signature score, or AR signature score.
(J,K) Western Blots showing WEEL protein levels across cell lines and LuCaP PDX models, respec-
tively. (L) Quantification of WEEL protein expression in LuCaP PDX lines. (M) Dose-response curves
of AZD-1775 across a panel of prostate cancer cell lines. (N) Normalized tumor volumes of PDX
models treated with vehicle control, ABT-263, AZD-1775 or the combination of ABT-263 and AZD-
1775 or vehicle (bottom). *p<0.05; ***p<0.001.
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