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Abstract

Purpose: In this study, we addressed the underlying

mechanisms for the association between enzalutamide (ENZ)

treatment and neuroendocrine prostate cancer (NEPC), and

the critical involvement of MYCN, and loss of RB1 function in

neuroendocrine differentiation (NED) of prostatic epithelial

cells, and the development of NEPC. We further sought to

determine whether PARP inhibition could suppress NEPC,

and to identify molecular determinants of this therapeutic

activity.

Experimental Design: We used a novel prostate cancer

patient–derived xenograft (PDX) treatment model, prostatic

adenocarcinoma andNEPC cell lines, an NEPC organoid line,

and NEPC xenograft models to address the mechanistic basis

of ENZ-inducedNED, and to analyze suppression of NED and

NEPC growth by PARP inhibition.

Results: We identified an ENZ treatment–associated glu-

cocorticoid receptor (GR)–MYCN–CDK5–RB1–E2F1 signal-

ing pathway that drives NED in prostatic adenocarcinoma

PDX and cell line models. Mechanistically, long-term

ENZ treatment transcriptionally upregulates signaling of

the GR–MYCN axis, leading to CDK5R1 and CDK5R2 upre-

gulation, Rb1 phosphorylation, and N-Myc–mediated

and E2F1-mediated NED gene expression. Importantly,

olaparib (OLA) or talazoparib (TALA) suppressed these

activities, and the combination of OLA and dinaciclib

(DINA), an inhibitor of CDK2 and CDK5, which also

inhibits Rb1 phosphorylation, suppressed NED and signif-

icantly improved therapeutic efficiency in NEPC cells in vitro

and in NEPC tumors in vivo.

Conclusions: The results of our study indicate an impor-

tant role of GR–MYCN–CDK5R1/2–RB1–NED signaling in

ENZ-induced and PARP inhibitor–suppressed NEPC. We

also demonstrated efficacy for OLAþDINA combination

therapy in NEPC xenograft models.

Introduction

Hormonal therapy remains the principal treatment for meta-

static prostate cancer, including disease that continues to

progress following initial androgen deprivation to a lethal phe-

notype known as castration-resistant prostate cancer (CRPC).

Novel second-generation androgen signaling inhibitors, such as

abiraterone (ABI) and enzalutamide (ENZ), which maximally

suppress androgen signaling, increase survival by 4 and

4.8months for patients withmetastatic CRPC, respectively (1, 2).

Despite the moderate benefit of these agents, their success in

treating CRPC has been hampered by emergence of drug resis-

tance. Notably, glucocorticoid receptor (GR), a steroid receptor
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family member, was found to be overexpressed in AR signaling

inhibitor resistant tumors (3).

Primary localized prostate cancer almost exclusively exhibits

adenocarcinoma (Ad) morphology, whereas neuroendocrine

prostate cancer (NEPC) more commonly arises after hormonal

therapy (4), and is more prevalent in CRPC (5, 6). A recent

prospective study demonstrated that prostate cancer from

patients treated with AR signaling inhibitors transitioned from

Adprostate cancer intoNEPC at a higher rate than thosewhowere

not treated with these agents (7). Although platinum-based

chemotherapy is active in NEPC, responses are short-lived and

novel therapeutic approaches are needed.

The phenotypic conversion from Ad prostate cancer to NEPC

has been associated with specific genetic lesions including over-

expression and genomic amplification of MYCN (encoding N-

Myc oncoprotein; refs. 5, 8). MYCN is overexpressed in the

majority of NEPC but also in up to 20% of CRPC without NEPC

morphology (5, 9). Furthermore, a recent study demonstrated

that MYCN could drive the initiation and maintenance of NEPC

from prostate epithelial cells (10). However, the mechanisms

involved in androgen signaling inhibitor-treatment associated

MYCN induction andMYCN-drivenNEPChavenot beendefined.

The E2F family transcription factors play an essential role in

cancer cell proliferation by regulation of the cell-cycle G1–S

transition. The activities of E2F proteins are restricted by the

retinoblastoma protein 1, encoded by retinoblastoma suscepti-

bility gene RB1 (11). E2F proteins are released from Rb1 and

activated for gene transcription when Rb1 is inactivated by CDK-

mediated hyperphosphorylation. Dysfunctional Rb1 has been

implicated in several major cancers, and loss of RB1 has been

identified as a major molecular event associated with lineage

plasticity of aggressive variant prostate cancer and treatment-

related NEPC (12–14). Recent publications also demonstrate

that loss of Rb1 and p53 are required to induce proliferation and

lineage plasticity during the conversion of an epithelial lineage

into a neuroendocrine lineage in the development of NEPC in

genetically engineeredmousemodels and a human-mouse tissue

recombination model (15–17). Thus, inactivation of RB1 and

p53 appear to be critical for lineage plasticity—relatedAdprostate

cancer–NEPC transition. However, the mechanisms involved in

this process remain elusive.

PARP inhibitors are promising therapeutic agents that show

synthetic lethality against many types of cancer with BRCA1

or BRCA2 deficiencies (18, 19). Targeting PARP together with

specific DNA damage response (DDR) pathways exposed

previously unrecognized therapeutic vulnerabilities in CRPC

models (20–22). However, whether PARP inhibitors can

specifically suppress or alter the course of NED is not known.

Overall, emerging evidence has revealed an association

between hormonal treatment and NEPC, and the critical involve-

ment of MYCN and RB1 in NED of prostatic epithelial cells and

the development of NEPC. However, their exact roles and the

mechanisms that underlie ENZ treatment—associated NED and

the development of NEPC remain to be addressed. Our results

herein introduce aGR–MYCN–CDK5–RB1–E2F1–NED signaling

pathway, and reveal the underlying molecular mechanisms for

suppression of ENZ-induced NED by PARP inhibition.

Materials and Methods

Cell lines, patient-derived xenografts, and reagents

LNCaP C4-2b cells were maintained in RPMI1640 cell culture

medium supplemented with 10% FBS. C4-2b-ENZR cells were

generated by long-term ENZ treatment with incremental increase

of ENZ concentrations in each passage (with 0.5 mmol/L intervals

up to 3 and 1 mmol/L intervals afterward up to 10 mmol/L).

The resulting C4-2b-ENZR cells were maintained in RPMI1640

medium supplement with 10% FBS plus 10 mmol/L ENZ. NCI-

H660 cells were purchased from ATCC, and maintained in

suggested culture medium. MSKCC PCa4 organoids were main-

tained in complete human media as described previously (23).

MDA prostate cancer patient-derived xenograft (PDX) 133-4 and

MDA prostate cancer PDX 144-13C were developed in the "Pros-

tate Cancer Patient Derived Xenografts Program" in the depart-

ment of Genitourinary Medical Oncology, MD Anderson Cancer

Center and the David H. Koch Center for Applied Research of

Genitourinary Cancers following published methods (24).

LNCaP C4-2b was validated by short tandem repeat DNA finger-

printwith theAmpFlSTR Identifier PCRAmplificationKit (Themo

Fisher Scientific) in MD Anderson's Characterized Cell Line Core

Facility. Genomic mutation/deletion analysis for all cell lines

and PDX tumors was performed by targeted DNA sequencing

(Supplementary Fig. S1; Supplementary Table S1). ENZ (S1250),

olaparib (KU-0059436), talazoparib (TALA; BMN673), dinaci-

clib (DINA; SCH727965), and dexamethasone (S1322) were

purchased from Selleck Chem. Cort-108297 (L13976) was from

Advanced Chem Blocks. Antibodies are listed in Supplemental

Experimental Procedures.

Generation of treatment resistance xenografts

A schematic depicting of model generation is shown in Fig. 1A.

Detailed protocol is available in Supplementary Experimental

Procedures.

RNA-Seq analysis

Total RNA was extracted from cell lines, tumor tissues, and

from micro-dissected paraffin-embedded MDA prostate

cancer PDX133-4 tumor sections and proceed to RNA-Seq (see

Translational Relevance

Emerging evidence has revealed an association between

hormonal treatment and neuroendocrine prostate cancer

(NEPC), and the critical involvement of MYCN, and loss of

RB1 function in the development of NEPC. However, the

mechanisms that underlie enzalutamide (ENZ) treatment–

associated neuroendocrine differentiation (NED) and the

development of NEPC remain to be addressed. The GR–

MYCN–CDK5–RB1–E2F1 signaling pathway identified in our

study defines a transcriptional regulatory mechanism that

underlies the transition from ENZ resistance to NED, in the

development of NEPC. This mechanism links ENZ resistance

in prostatic adenocarcinoma to NED through GR-induced

MYCN, and reveals CDK5-driven inactivation of intact Rb1

as a driver of E2F1-regulatedNED gene expression. Our results

further demonstrate that PARP inhibition suppresses the GR–

MYCN–CDK5–RB1–E2F1 signaling pathway, and direct

MYCN and E2F1 induction of NED, and that the combination

of PARP inhibition and Rb-associated CDK inhibition may be

a viable strategy toward effective clinical treatment of NEPC.
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Supplementary Experimental Procedures). Xenograft samples

were assayed by RNA-Seq (Illumina) to analyze the transcrip-

tome. Xenome was used to classify the xenograft sequence data

into corresponding tumor and mouse reads (25). The raw reads

from tumor were aligned to the Human reference genome (hg19)

using Tophat2 transcriptome alignment tool (26). Samtools and

HTseq software were utilized to summarize the gene expression

counts from alignment data (27, 28).

Differential gene expression analysis and GSEA pathway

analysis

Differential expression analysis was performed on the read

counts with R package DESeq2 (29). Significant differentially

expressed genes were defined by false discover rate of 0.01 and

log fold change threshold of 1.5. Gene set enrichment analysis

(GSEA) was performed using the Hallmark pathway data-

base (29). Common leading edge genes were extracted by com-

parative analyses of GSEA results in pathways of interest. The gene

expression of common significant differentially expressed and

leading edge genes were illustrated by heatmaps. The DDR-M

gene list was developed as described previously (22). The expres-

sion of DDR-M genes of interest was extracted from normalized

data matrix. Two-sample T test, comparing Ad versus NE, was

performed and P values were adjusted by Benjamini–Hochberg

procedure.

RT-qPCR analysis

Total RNA in cells were extracted by TRIzol reagent (Thermo

Fisher Scientific) and reversely transcribed to cDNA using high

capacity cDNA Reverse Transcription Kit (Thermo Fisher Scien-

tific). qRT-PCR was conducted using fast SYBR green master mix

(Thermo Fisher Scientific). 2�DDCt method was used to evaluate

relative mRNA expressions compared with controls. The primer

sequences are listed in Supplementary Table S8.

Nanostring analysis

Gene expression analysis of apanel of 361geneswas performed

using a custom nanostring assay described previously (30). AR

score was calculated using an AR signaling gene signature

described in Hieronymous and colleagues (31), with LNCaP cell

line as reference. NEPC score was calculated using gene signature

described in Beltran and colleagues (8), with NEPC cell line NCI-

H660 as reference. Cell lines (C4-2b and C4-2b-ENZR) were

compared under the described experimental conditions and with

Figure 1.

ENZ promotes and OLA inhibits NE

transition in MDA prostate cancer

PDX133-4 model. A, Experiment

schematic depiction. See detail in

Supplementary Materials and

Methods. B, Pathologic analysis

demonstrated 25% tumors in ENZ-

T1 and 75% tumors in ENZ-T2 group

were mixed adeno-neuroendocrine

(Ad-NE) carcinomas, all the other

tumors remained Ad phenotype.

Mixed Ad-NE carcinomaswere

identified by HE staining and

histologic criteria. C, Synaptophysin

IHC analysis of T2 tumors.

Quantitation of synaptophysin-

positive cells was performed by

using an image analysis system

(Nikon Eclipse 90i) and the Nikon

NIS-Elements version 3.0 software

on systematically scanned tumor

slides. D, Representative images of

AR, CK8/18, EZH2, SYP, and CHGA

IHC staining of T2 tumors. Scale bar

represents 50 mm.

PARP Inhibition Suppresses NED and NEPC
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a cohort of human tumors—D70 localized prostate adenocarci-

noma, 15 CRPC, and 22 NEPC, described in refs. 8 and 30.

Protein immunoblot analysis

Total proteins in cells were extracted by NP-40 lysis buffer with

proteinase inhibitor cocktail (Roche) and phosphatase inhibitor

cocktail (Millipore), andWestern blotting analysiswas performed

as described in standard protocol.

siRNA transfection

Cells were seeded 1 day before siRNA transfection, and were

transfected with 20 nmol/L siRNA using the Lipofectamine RNAi-

Max transfection reagent (Themo Fisher Scientific). RNA and

protein extracts were prepared and biological assays were per-

formed 48 hours after siRNA transfection. siRNA sequences are

listed in Supplementary Table S9.

ChIP-qPCR assays

ChIP-qPCR assays were performed using the SimpleChIP-

Plus Enzymatic Chromatin IP Kit (Cell Signaling Technology)

according to manual instructions. Briefly, cells were fixed and

chromatins were prepared. The chromatins were sonicated and

immunoprecipitated using protein specific antibodies to GR,

N-Myc, or E2F1. The immunocomplex were captured by pro-

tein G beads, washed, and eluted. After reverse-crosslink, the

chromatin DNAs were purified and used as the template in

qPCR analysis to detect the recruitment of proteins. Normal

rabbit IgG (Cell Signaling Technology) was used as negative

control. The primers used in qPCR are listed in Supplementary

Table S10.

MTS assay

Following the manual, MTS assay was performed using Cell-

Titer 96 AQueous One Solution Cell Proliferation Assay

(Promega).

Colony assay

Cells were seeded into 6-well plates at 2� 104/well and treated

with 1 mmol/L ENZ for up to 2 weeks for colony formation. Cell

culture medium containing ENZ or DMSO was renewed every

3 days. Afterwards, colonies were fixed with cold methanol and

stained with 0.5% crystal violet. The number of colonies was

counted and imaged with a microscope using NIS-Elements

AR2.30 software (Nikon).

Xenograft model

Aliquots of 2� 106 NCI-H660 cells in 100 mL of PBS: Matrigel

(1:1) were injected subcutaneously into the right flanks of athy-

mic male mice. Tumors were allowed to grow until they reached

50 mm3 before they were randomly distributed and treated.

Equal-sized MDA prostate cancer PDX144-13C tumor fragments

were implanted subcutaneously into previously castrated SCID

mice (Charles River Laboratories) as described previously (22).

When the tumor volume reached 30 to 50 mm3, the mice were

randomly distributed and treated. In both tumor models, mice

were randomly divided to receive vehicle control [20% (2-hydro-

xypropyl)-b-cyclodextrin in PBS], OLA (40 mg/kg/day, 5 days

each week, i.p.), DINA (30 mg/kg/day, 2 days each week, i.p.), or

combination OAL and DINA for 21 days. Subcutaneous tumors

were measured twice a week after the initiation of the treatment.

All animal experiments were conducted in accordance with

accepted standards of humane animal care approved by MDACC

IACUC.

IHC and ISH analysis

Primary antibodies to AR (Santa Cruz Biotechnology), CK8/18

(Abcam) Synaptophysin (Abcam), EZH2 (Abcam), Chromogra-

nin A (Abcam), andGR (Cell Signaling Technology)were used for

immunostaining on cell line samples and formalin-fixed paraffin-

embedded tissue slides from the PDX models. MYCN mRNA

expression was analyzed by ISH using a human MYCN probe

(VA1-18174) and the view RNA-ISH system from Affymetrix.

Immunofluorescence analysis

Cells were seeded on coverslips in 24-well plates. After treat-

ments cells were rinsed with PBS, and fixed 4% PBS-buffered

formaldehyde for 8 minutes; followed by incubation in 0.5%

Triton-X100 in PBS for 10 minutes to enhance antibody pene-

tration. After a 20minute-blocking in Dako protein block (Dako)

for 20 minutes, the cells were incubated with primary antibodies

for 1 hour, followed by incubation with an Alexa Fluor 488- or

Alexa Fluor 594-conjugatged secondary antibody (Invitrogen) for

40 minutes. Specificity of immunofluorescence was validated by

replacing primary antibody with PBS.

Statistical analysis

Data were presented as the mean� SEM. The Wilcoxon rank-

sum test was used for data with nonnormal distributions or data

with small sample sizes such as qRT-PCR analyses, ChIP assay,

MTS assay, colony assay, flow cytometry assay, and scratch assay.

ANOVA t test was used for analysis of tumor growth and tumor

wet weights. P value <0.05 was considered statistically significant.

Results

ENZ promotes and OLA suppresses NED in MDA prostate

cancer PDX133-4

To analyze ENZ resistance over an extended time period, we

implanted equal-sized MDA prostate cancer PDX133-4 tumor

fragments subcutaneously into precastrated male SCID mice and

treated them with vehicle control (VHL), ENZ, OLA, or

ENZþOLA. Targeted genomic DNA sequencing revealed a TP53

point mutation (C141Y), and negative p53 expression (Supple-

mentary Fig. S2A), but noRB1mutation in this PDX tumormodel

(Supplementary Fig. S1 and S2B; Supplementary Table S1). Anal-

ysis of the functionality of the TP53 C141Y point mutation

suggested severe conformational changes in the mutant p53

protein (32). After primary treatment, tumor pieces from each

of the experimental groups were transplanted into precastrated

male SCIDmice and the treatments were repeated for 2 rounds of

transplantation (T1 and T2; Fig. 1A). Pathologic analysis of these

tumors revealed: 1 of 4 tumors in ENZ-T1 group demonstrated a

mixed, but well demarcated, Ad andNEmorphology (NE content

1.56%; Supplementary Table S2), 3 of 4 tumors in ENZ-T2 group

demonstrated similar mixed Ad and NE morphology (with

NE content ranging from 21% to 96%; Supplementary

Table S2); and surprisingly, all VHL-, OLA-, and ENZþOLA-

treated T1 and T2 tumors remained Ad phenotype after T1 and

T2 (Fig. 1B; Supplementary Table S3). IHC analysis of T2 tumors

revealed that expression of synaptophysin (SYP, a NED marker)-

positive cells were significantly increased in ENZ-T2 tumors

compared with VHL-, OLA-, or ENZþOLA-T2 tumors (Fig. 1C

Liu et al.

Clin Cancer Res; 25(22) November 15, 2019 Clinical Cancer Research6842

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/2

2
/6

8
3
9
/2

0
5
4
4
8
7
/6

8
3
9
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



and D). Furthermore, AR and cytokeratin 8/18 (CK8/18, epithe-

lial cell markers) were negative or very low, and EZH2 (chromatin

remodeling marker), SYP, and chromogranin A (CHGA, another

NE marker) were markedly higher in the NE regions of ENZ-T2

tumors compared with adjacent Ad tissues (Fig. 1D).

Suppression of AR signaling pathway and upregulation of GR

and MYCN in NED and NEPC tumors

Using NE scores, derived from RNA sequencing data and

defined by the expression of 70 NE-related classifier genes (8),

we identified 2 ENZ-T2 NE tumors with NE scores >0.4 (cut off

established by Beltran and colleagues); 1 ENZ-T1 tumor and 3

ENZ-T2 tumors with NE scores >0.2 and <0.4; and all VHL, OLA,

and ENZþOLA-treated T1 and T2 tumors had NE scores <0.2

(Supplementary Table S4; Fig. 2A). Because the majority of

pathologically defined Ad tumors had NE scores <0.2, and an

NE score >0.4 was previously used as a cut off for NEPC (8), we

defined tumors with NE scores >0.2 and <0.4 as transition (TR)

tumors. Thus, on the basis of molecular criteria, our results

included 1 Ad!TR mixed tumor in ENZ-T1, as well as 1 Ad!TR

and 2 TR!NE mixed tumors in ENZ-T2 (Fig. 2A). Global gene

expression analysis of T2 tumors revealed 2,700 common genes

significantly altered between 2 comparisons: ENZ-NE vs. VHL and

ENZ-NE vs. ENZ-Ad. As shown in the heatmap for the expression

patterns of these genes in T2 tumors, ENZ-TR andENZ-NE tumors

are distinctly different from those of ENZ-Ad and other Ad tumors

(Fig. 2B). Similarly, expression of 70 NED-related classifiers gene

also formed a distinct pattern that clearly distinguish ENZ-TR and

ENZ-NE tumors from Ad tumors (Fig. 2C).

Specifically, we found that the expression of AR and AR target

genes was significantly downregulated in ENZ-NE compared with

other treatment groups (Fig. 2D–I). Interestingly, although AR

mRNA levels in ENZ-TRwere not significantly different fromVHL

(Fig. 2E), analysis of AR target gene expression (Fig. 2D) andGSEA

leading edge analysis of androgen response pathway (Fig. 2F)

revealed that AR target gene expression was markedly diminished

in ENZ-TR comparedwith VHL.More pronounced suppression of

androgen response genes/pathway was found in the ENZ-NE

group when it was compared with VHL (Fig. 2D–G), ENZ-Ad

(Fig. 2D–H), and ENZ-TR (Fig. 2D–I).

Analysis of NR3C1 (GR) and MYCN expression showed that

mRNA levels of GR and MYCN were significantly or markedly

higher in ENZ-TR and ENZ-NE compared with VHL and ENZ-Ad

(Fig. 2J and K). Interestingly, elevated GR and MYCN expression

was not observed in OLA and ENZþOLA tumors which main-

tained GR and MYCN mRNA at levels similar to those in VHL

group (Fig. 2J–K). Correlation analysis indicated that GR and

MYCNmRNA expression was positively correlated in MDA pros-

tate cancer PDX133-4 tumor samples (Fig. 2L) and a published

dataset of tumor samples from patients treated with AR signaling

inhibitors (Fig. 2M; ref. 7). IHC detection of GR and RNA in situ

hybridization ofMYCN in these tumor samples showed increased

frequency of GR-positive and MYCN-positive cells in the NE

element of MDA prostate cancer PDX133-4 ENZ-T2 tumors

(Fig. 2N).

GR transcriptionally regulates MYCN

To analyze the molecular mechanisms that underlie this ENZ

treatment-associated NED, we generated an ENZ-resistant

(ENZR) prostate cancer cell line (C4-2b-ENZR) from C4-2b

(AR-positive and ENZ-sensitive) through long-term ENZ treat-

ment, using incremental increases in ENZ concentration. C4-2b-

ENZR cells could be distinguished from its parental cells by

morphologic characteristics that included smaller size, and

reduced nuclear circularity and increased nucleus/cytoplasm ratio

(Supplementary Fig. S3A and S3B). Targeted genomic DNA

sequencing revealed 2 gained TP53 mutations (one frame shift

mutation P72fs and a point mutation Q331R) but no RB1

mutation in C4-2b-ENZR (Supplementary Fig. S1; Supplemen-

tary Table S1). Compared with parental C4-2b cells, C4-2b-ENZR

cells demonstrated increased clonal growth during treatment/

selection (Supplementary Fig. S3A, middle; Supplementary

Fig. S3E and S3F), resistance to ENZ treatment (Supplementary

Fig. S3E and S3F), and increased cell proliferation (Supplemen-

tary Fig. S3F). Western blotting analysis showed reduced expres-

sion of AR, and elevated expression of AR-V7, GR, N-Myc, and

NED genes including SYP and CHGA (Supplementary Fig. S3D).

In addition, IHC confirmed reduced nuclear AR and markedly

increased nuclear GR in C4-2b-ENZR compared with parental

cells C4-2b (Supplementary Fig. S4A and S4B). Knockdown of AR

led to significantly increased GR expression in C4-2b, C4-2b-

ENZR, and NCI-H660, an NEPC cell line, supporting a mecha-

nism of GR upregulation that involves inhibition of AR signaling

(Supplementary Fig. S4C; Supplementary Table S1). Interestingly,

AR and NEPC scores for C4-2b and C4-2b-ENZR cell lines

demonstrated reduced AR score, but an increased NEPC score

for C4-2b-ENZR cells compared with C4-2b cells (Supplementary

Fig. S5).

Notably, we found that GR knockdown resulted in down-

regulation of MYCN mRNA (Fig. 3A) and protein (Fig. 3B) in

the same 3 cell lines. Furthermore, in line with these findings, GR

antagonist CORT-108297 (CORT) treatment downregulated N-

Myc in these cell lines (Fig. 3C). These results suggested that GR

may transcriptionally regulate MYCN. We identified a glucocor-

ticoid response element (GRE) DNA sequence (BS1; Fig. 3D,

Supplementary Table S5) in the MYCN promoter region, and

ChIP-qPCR assay results confirmed the in vivo recruitment of GR

protein to BS1 of the MYCN promoter in these prostate cancer

cells. More interestingly, compared with C4-2b cells, the recruit-

ment of GR protein to BS1 is significantly increased in C4-2b-

ENZR and NCI-H660 cells in which expression of GR is upregu-

lated (Fig. 3E). Thus, taken together, we identified an intact

mechanism involving GR-driven expression of the MYCN gene

(GR–MYCN axis) in the ENZ-resistant CRPC cell line C4-2b-

ENZR and NCI-H660 cells.

N-Myc- and RB1-dependent, CDK5 R1/R2- and E2F1-mediated

NED signaling pathway

In our previous studies, we found that MYCN regulated the

DDR pathway in NEPC (22). These findings led us to conduct a

bioinformatics analysis for the common significant DDR-mitotic

(DDR-M) genes (22) in MDA prostate cancer PDX133-4 tumor

samples and tumor samples from2published datasets (7, 8). Our

analysis generated 54 common significant DDR-M genes from

these 3 datasets (Supplementary Tables S6 and S7; Fig. 3F). The

top common significant DDR-M genes included CDK5R2 and

CDK5R1, which are activators of CDK5 and highly implicated in

NED (33–36), and E2F1. Bioinformatics analysis showed signif-

icantly higher mRNA expression of CDK5R1, CDK5R2, and E2F1

in ENZ-TR and ENZ-NE tumors compared with tumors from

other treatment groups in MDA prostate cancer PDX133-4

(Fig. 3G–I), and CDK5R1, CDK5R2, and E2F1 mRNA expression

PARP Inhibition Suppresses NED and NEPC

www.aacrjournals.org Clin Cancer Res; 25(22) November 15, 2019 6843

D
o
w

n
lo

a
d
e
d
 fro

m
 h

ttp
://a

a
c
rjo

u
rn

a
ls

.o
rg

/c
lin

c
a
n
c
e
rre

s
/a

rtic
le

-p
d
f/2

5
/2

2
/6

8
3
9
/2

0
5
4
4
8
7
/6

8
3
9
.p

d
f b

y
 g

u
e

s
t o

n
 2

7
 A

u
g

u
s
t 2

0
2
2



Figure 2.

Downregulation of AR response gene pathway and upregulation of GR and MYCN in NE transition tumors.A, NE score plot of PDX133-4 T1 and T2 tumor samples.

Ad and NE contents were micro-dissected frommixed Ad-NE carcinomas, designated as "A" and "N," respectively, and processed for RNA-Seq analysis. Using

Beltran's CRPC-Neuro reference vector, the Pearson correlation coefficients (NE scores) of T1 and T2 MDA prostate cancer PDX 133-4 tumors were calculated and

plotted. T1, triangle; T2, square; VHL, red; OLA, green; ENZ, blue; ENZþOLA, purple. B, Common significant (FDR: 0.01, log2FC: 1.5) differentially expressed genes

from 2 comparisons, ENZ-NE vs. ENZ-Ad and ENZ-NE vs. VHL, were illustrated in the heatmap. C, Expression of Beltran 70 classifier genes in MDA prostate

cancer PDX133-4 RNA-Seq dataset. D, Heatmap of AR target gene expression in MDA prostate cancer PDX133-4 T2 samples. E, AR gene expression in MDA

prostate cancer PDX133-4 T2 samples. F, GSEA plot showing androgen response pathway genes positively correlated with VHL samples compared with ENZ-TR

samples.G, VHL samples compared with ENZ-NE samples. H, ENZ-Ad samples compared with ENZ-NE samples. I, ENZ-TR samples compared with ENZ-NE

samples. J, GR gene expression of T2 samples in MDA prostate cancer PDX133-4 tumors. K,MYCN gene expression of T2 samples fromMDA prostate cancer

PDX133-4 tumors. L, Correlation between GR and MYCNmRNA expression in MDA prostate cancer PDX133-4 tumors.M, Correlation between GR and MYCN

mRNA expression in Aggarwal and colleagues' dataset. N, GR IHC and MYCN ISH analysis of T2 samples fromMDA prostate cancer PDX133-4 tumors. � , P < 0.05;
�� , P < 0.01; ��� , P < 0.001. Scale bar represents 40 mm.
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Figure 3.

GR transcriptionally regulates MYCN expression, and N-Myc transcriptionally regulates CDK5R1, CDK5R2, and E2F1 expression. A and B, Effect of GRsi on mRNA

and protein expression of GR and MYCN in C4-2b, C4-2b-ENZR, and NCI-H660 cells. C, Effect of GR antagonist CORT-108297 (CORT) on N-Myc protein

expression.D, Predicted GR binding sites on MYCN promoter according to JASPAR database. E, ChIP-PCR assay testing the direct binding of GR to MYCN

promoter in C4-2b, C4-2b-ENZR, and NCI-H660. F, Common significant DDR-M genes comparing NE samples (NE score > 0.4) with Ad samples (NE score < 0.2)

in MDA prostate cancer PDX133-4, and the Beltran and colleagues', and Aggarwal and colleagues' datasets. Note that CDK5R2, CDK5R1, and E2F1 are among the

top significant genes (Supplementary Table S4). G–I, CDK5R1, CDK5R2, and E2F1 gene expression in MDA PCa PDX133-4 T2 tumors. J and K, Effect of MYCNsi on

mRNA and protein expression of MYCN, CDK5R1, CDK5R2, and E2F1 in C4-2b, C4-2b-ENZR, and NCI-H660 cell lines. L, Predicted MYCN binding sites on CDK5R1,

CDK5R2, and E2F1 promoter according to JASPAR database.M–O, ChIP-qPCR assays testing the direct binding of MYCN to CDK5R1, CDK5R2, and E2F1

promoters in C4-2b, C4-2b-ENZR, and NCI-H660. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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was positively correlated to MYCN mRNA expression in MDA

prostate cancer PDX133-4 (Supplementary Fig. S6A–S6C) and in

Beltran and colleagues' dataset (Supplementary Fig. S64D–S64F).

GSEA leading edge analysis indicated E2F target gene being a top

altered pathway after long-term ENZ treatment in MDA prostate

cancer PDX133-4 (Supplementary Fig. S6G–S6I). On the basis of

these results, we decided to test the possibility that MYCN

regulates CDK5R1/R2 and E2F1 expression. MYCN knockdown

using siRNA markedly reduced CDK5R1, CDK5R2, and E2F1

expression of both mRNA (Fig. 3J) and protein (Fig. 3K) in

C4-2b, C4-2b-ENZR, and NCI-H660 cells. We identified 2 con-

sensusN-Mycbinding sites in theCDK5R1promoter, 4 consensus

N-Myc binding sites in the CDK5R2 promoter and an N-Myc

binding site on E2F1 promoter (Fig. 3L; Supplementary Table S5).

Thus, we designed primers spanning these E-box DNA regions

and utilized ChIP-qPCR assays to detect the in vivo recruitment of

N-Myc at the promoters of CDK5R1, CDK5R2, and E2F1 genes in

prostate cancer cells. Our results showed thatN-Mycwas recruited

to the CDK5R1 promoter (BS2), the CDK5R2 promoter (BS1 and

BS4), and the E2F1 promoter (BS1) in vivo in C4-2b-ENZR and

H660 cells, but N-Myc recruitment was not seen in C4-2b cells

(Fig. 3M–O).

Correlation analysis revealed thatmRNA expressions ofCHGA,

SYP, andneuron-specific enolase (NSE)were positively correlated

with mRNA expression of CDK5R1, CDK5R2, and E2F1 in MDA

prostate cancer PDX133-4 (Supplementary Fig. S7A), and tumor

samples from 2 different published datasets (Supplementary

Fig. S7B and S7C; refs. 7, 8). Although CDK5R1 knockdown

seemed to reduce only SYP, but not CHGA and NSE expression

(Fig. 4A), CDK5R2 and E2F1 knockdown resulted in markedly

reduced expression of all 3 NED genes, CHGA, SYP, and

NSE (Fig. 4B and C), suggesting that CDK5R2 may function as

primary activator of CDK5 in regulation of NED gene expression,

and E2F1 may be involved in transcriptional regulation of

NED genes. Because RB1 is a known phosphorylation target of

CDK5 (37–39) and a crucial regulator of E2F1 (11), and loss of

RB1 function has been linked toNE development (40, 41), and to

lineage plasticity of aggressive variant prostate cancer and treat-

ment-related NEPC (12–14), we speculated that RB1 may play a

critical role downstream of CDK5, and function as a component

of the underlying molecular pathway for N-Myc-dependent,

CDK5R1/R2-mediated, and E2F1-mediated NED. Inhibition of

CDKs by DINA (targets CDK2, CDK5, CDK1, and CDK9, with

reduced IC50 to CDK2 and CDK5) strongly inhibited Rb1 phos-

phorylation and CHGA, SYP, and NSE expressions (Fig. 4D). In

contrast, knockdown of RB1 using siRNA markedly increased

expression of these NED markers (Fig. 4E). We identified several

consensus E2F1 binding elements in the promoter DNA

sequences of CHGA, SYP, and NSE (ENO2; Fig. 4F; Supplemen-

tary Table S5). Using ChIP-qPCR assays, we confirmed the func-

tional recruitment of E2F1 at the promoter of CHGA, SYP, and

NSE genes, with binding preference to BS2 of CHGA, BS1 of SYP,

and BS1 of NSE (Fig. 4G and H), which is consistent with the

elevated mRNA expression of these genes observed in C4-2b-

ENZR and NCI-H660 cells. We further confirmed a direct N-Myc-

NED regulation pathway that was reported in a previous publi-

cation (Supplementary Fig. S8; Supplementary Table S5; ref. 5).

Analysis of MYCN, CDK5R1, CDK5R2, E2F1, CHGA, SYP, and

NSE mRNAs in 2 published datasets showed increased expres-

sions in all cases, suggesting a biological relationship (Fig. 4J and

K). Taken together, these data suggest that upregulation of N-Myc

in ENZ-TR and ENZ-NE effectively activates CDK5 through tran-

scriptional upregulation of CDK5R1 and CDK5R2; CDK5R1 and

CDK5R2 (throughCDK5), in turn, promote Rb1 hyperphosphor-

ylation, which activates E2F1, and E2F1 promotes of NED

and proliferation in C4-2b-ENZR and NCI-H660 by stimulation

of NED gene expression in addition to E2F1-regulated genes

required for cell-cycle progression.

PARP inhibitors suppressN-Myc–mediated, RB1–independent,

and -dependent NED signaling

We investigated the impact of PARP inhibition on N-Myc-

dependent, RB1-independent, and RB1-dependent NED signal-

ing using C4-2b, C4-2b-ENZR, and NCI-H660 cells. Our results

showed inhibition of PARP by OLA or TALA (another PARP

inhibitor) led to downregulation of N-Myc protein and marked

downregulation of expression of CDK5R1, CDK5R2, Rb1 phos-

phorylation at S807/811 (target of CDKs 1, 2, 4, 5, 6, and 9) and

S780 (target of CDKs 4 and 6), and NED markers (CHGA, SYP,

and NSE protein; Fig. 5A). To test the effects of OLA and TALA in

an NEPC organoid model, we used MSKCC PCa4, and initially

confirmed expression of MYCN-CDK5R1/CDK5R2 (CDK5)–

RB1–E2F1 signaling pathway genes relative to C4-2b, C4-2b-

ENZR, and NCI-H660 cells (Fig. 5B). Treatment of MSKCC PCa4

organoids showed suppression of the MYCN–CDK5–RB1–E2F1

signaling pathway (Fig. 5C). IHC analysis confirmed OLA and

TALA suppression of Rb1 phosphorylation in C4-2b, C4-2b-

ENZR, and NCI-H660 cells (Fig. 5D–F). ChIP-qPCR assays dem-

onstrated that PARP inhibition significantly suppressed GR bind-

ing to BS1 on the MYCN promoter (Fig. 5G), N-Myc binding to

BS2 on CDK5R1, and BS1 and BS4 on CDK5R2 (Fig. 5H). PARP

inhibition also significantly suppressed N-Myc and E2F1 binding

to CHGA, SYP, and NSE (Fig. 5I). GSEA analysis indicated that

OLA significantly suppressed ENZ-stimulated E2F target gene

expression (ENZ vs. ENZþOLA) in MDA prostate cancer

PDX133-4 T2 tumors (Supplementary Fig. S9). Our data are

consistent with previous findings that PARP1 functions as an

E2F1 coactivator that promotes transcription of E2F1 target

genes (42–44).

PARP inhibitor and CDK5 inhibitor combination treatment

significantly improves therapy efficacy

On the basis of these data, we speculated that maximal inhi-

bition of GR–MYCN–CDK5–RB1–E2F–NED signaling pathway

could be achieved by the combination PARP inhibition and

CDK5 inhibition. To test this hypothesis, we tested OLAþDINA

combination therapy using C4-2b-ENZR and NCI-H660 cells

in vitro and MDA prostate cancer PDX144-13 and NCI-H660

xenograft models. Targeted genomic DNA sequencing revealed

a TP53 frame shift mutation L330fs and a RB1 frame shift

mutation V450fs in MDA prostate cancer PDX144-13 (Supple-

mentary Fig. S1; Supplementary Table S1). Our in vitro data

demonstrated that although OLA or DINA alone could signifi-

cantly increase apoptosis, indicated by increased sub-G1 cells

(Fig. 6A and B), and significantly reduce cell viability (Fig. 6C

and D), the OLA and DINA combination treatment further

improved therapeutic efficiency significantly (Fig. 6A–D). Our

in vivo results showed that OLA or DINA alone could efficiently

suppress NEPC tumor growth (about 35%–55% tumor suppres-

sion), whereas the OLA and DINA combination led to signifi-

cantly greater tumor suppression (�80%tumor suppression. PDX

144-6: OLAþDINA vs. OLA P¼ 0.042, OLAþDINA vs. DINA P¼

Liu et al.
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0.045; NCI-H660: OLAþDINA vs. OLA P ¼ 2.73 E-6,

OLAþDINA vs. DINA P ¼ 0.003; Fig. 6E–H). IHC analysis of

tumor samples demonstrated reduced P-Rb1 phosphorylation

and CHGA and SYP positivity (Fig. 6I), increased apoptotic

activity (TUNEL), and decreased proliferation (Ki67; Supple-

mentary Fig. S10) in OLA or DINA treated tumor samples

compared with VHL tumor samples, and further enhanced

treatment effects in OLAþDINA tumors.

Importantly, PARP inhibition deactivates the GR–MYCN axis

by downregulation of GR-activated MYCN expression, which

leads to both direct suppression of N-Myc transcriptional upre-

gulation of E2F1, and downstream CDK5–RB1–E2F1 signaling,

to inhibit NED and proliferation of ENZ-treated prostate cancer

cells, and NEPC (Fig. 6J). To further validate the functionality of

GR vis-�a-vis induction of this pathway, we used an inducible GR-

DU145 cell line. The results of GR induction demonstrated

activation of MYCN–CDK5–RB1–E2F1–NED signaling in vitro in

prostate cancer cells (Supplementary Fig. S11).

Discussion

NEPC is currently considered to be an incurable disease. The

difficulty in treatment is fundamentally because of lack of

understanding of molecular mechanisms underlying develop-

ment of NEPC, and lack of available treatment options which

target the NEPC-related resistance pathways that render con-

ventional treatment approaches ineffective. In this study,

we demonstrated that long-term ENZ treatment led to NED,

and PARP inhibitors, well-established DDR targeting agents,

suppressed ENZ-related NED.

Figure 4.

CDK5R1, CDK5R2, Rb1 phosphorylation, and E2F1 positively regulate expression of NEDmarkers. Effect of CDK5R1si (A), CDK5R2si (B), and E2F1si (C) on protein

expression of CHGA, SYP, and NSE in C4-2b, C4-2b-ENZR, and NCI-H660 cells. D, CDK5 inhibition with DINA suppressed Rb1 phosphorylation and expression of

CHGA, SYP, and NSE in C4-2b, C4-2b-ENZR, and NCI-H660 cells 48 hours after the treatment. DINA_0.5, DINA 0.5 mmol/L; DINA_1, DINA 1 mmol/L; E,

Knockdown of RB1 led to increased protein expression of CHGA, SYP, and NSE in C4-2b, C4-2b-ENZR, and NCI-H660 cells. F, Predicted E2F1 binding sites on

CHGA, SYP, and NSE promoter according to JASPAR database.G–I, ChIP-qPCR analysis testing the direct binding of E2F1 to CHGA, SYP, and NSE promoters in

C4-2b, C4-2b-ENZR, and NCI-H660. J and K, Relative expression levels of MYCN, CDK5R1, CDK5R2, E2F1, CHGA, SYP, and NSE of CRPC-Ad and CRPC-NE in

Aggarwal and colleagues' and Beltran and colleagues' datasets. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.

PARP Inhibition Suppresses NED and NEPC
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Figure 5.

PARP inhibitors suppress the GR–MYCN–CDK5–RB1–E2F1–NED signaling pathway. A, Effect of OLA and TALA on protein expression of N-Myc, CDK5R1, CDK5R2,

P-Rb1, and NED genes in C4-2b, C4-2b-ENZR, and NCI-H660 cells 48 hours after the treatments. OLA5, OLA 5 mmol/L; OLA10, OLA 10 mmol/L; TALA1, TALA 1

mmol/L; TALA2, TALA 2 mmol/L. B, GR-MYCN-CDK5 pathway protein expression in MSK PCa4 organoid line. C,GR–MYCN–CDK5 pathway protein expression in

response to PARP inhibition (OLA 5 mmol/L, TALA 2 mmol/L) in MSK PCa4 organoid line. D–F, IHC analysis showing weaker P-Rb1 (S807/811) and P-Rb1 (S780)

staining in OLA 5 mmol/L-treated, TALA 2 mmol/L-treated C4-2b and C4-2b-ENZR cells, and weaker P-Rb1 (S780) staining in OLA, TALA-treated NCI-H660 cells.

Scale bar represents 50 mm. G–I, ChIP-qPCR analysis testing the direct binding of GR, N-Myc, and E2F1 to NED genes and its suppression by PARP inhibitors (OLA

5 mmol/L, TALA 2 mmol/L). � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.
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Progressive loss of AR target gene activation, together with

increased GR expression was shown previously to represent an

adaptive, bypass mechanism of resistance to AR signaling inhi-

bitors (3). Our results expand the scope of this adaptive mech-

anism to include activation of a molecular gateway to NED

through GR transcriptional regulation of MYCN, that is,

the GR–N-Myc axis. Our results demonstrated that increased

MYCN expression can, in turn, directly stimulate NED gene

expression through transcriptional activation, supporting previ-

ously described work (5), and also initiate RB1-dependent, E2F1-

Figure 6.

PARP and CDK5 inhibition cooperatively suppress prostate cancer oncogenic activities in vitro and xenograft tumor growth in vivo.A and B, Effect of OLA, DINA,

and combination of OLA and DINA on sub-G1 cell distribution in C4-2b-ENZR and NCI-H660 cells. C and D,MTS assays showing effect of OLA, DINA, and

combination of OLA and DINA on cell proliferation/viability in C4-2b-ENZR and NCI-H660 cells. E–H, Results fromMDA prostate cancer PDX144-13C and NCI-

H660 subcutaneous model. E, Tumor growth curve for MDA prostate cancer PDX144-13C. F, Tumor wet weight for MDA prostate cancer PDX144-13C. G, Tumor

growth curve for NCI-H660. H, Tumor wet weight for NCI-H660. I, IHC analysis showing suppression of P-Rb1(S780), CHGA, and SYP by OLA, DINA, and

OLAþDINA in MDA prostate cancer PDX144-13C and NCI-H660 xenograft tumors. Scale bar represents 150 mm. J, ENZ-stimulated GR–MYCN–CDK5–RB1–E2F1–

NED signaling pathway, and its suppression by PARP inhibition. � , P < 0.05; �� , P < 0.01; ��� , P < 0.001.

PARP Inhibition Suppresses NED and NEPC
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mediatedNED signalingwhich can serve to release the constraints

on lineage plasticity without RB1 mutation or deletion.

In this study, we showed that CDK5R1/R2 and CDK5 activities,

and likely CDK2, CDK4, and CDK6 activities, are critical regula-

tors of a functional Rb1 switch that controls NED through E2F1

transcriptional regulation of NED gene expression, including

CHGA, SYP, and NSE. On the basis of our findings, the role of

CDK5R1/R2 and CDK5 in NEPC warrants further study. In

addition to regulation of E2F1 through transactivation of

CDK5R1/R2 and Rb1 inactivation, N-Myc can directly bind and

transactivate E2F1, further enhancing E2F1-mediated NED gene

transcription. It is interesting to note that loss of RB results in E2F1

repositioning and expansion of E2F1 cistrome (45). Specifically,

E2F1 was shown to lack affinity for CHGA, SYP, and ENO2 (NSE)

in LNCaP shCON cells, but showed strong binding to these

3 genes in LNCaP shRB cells. Furthermore, N-Myc tends to

colocalize with E2F1 on these 3 NED genes (Fig. 5F; Supplemen-

tary Fig. S4A). The significance of the colocalization of these 2

transcription factors on NED genes warrants further study. Over-

all, elucidation of the GR–MYCN–CDK5R1/R2–RB1–E2F1–NED

molecular pathway connects ENZ-associated increased GR

expression with MYCN transactivation, Rb1 inactivation, and

NED, in the absence of Rb1mutation or deletion. It is important

to note that we also documented that the MDA PCa PDX133-4

model and C4-2b-ENZR, but not parental C4-2b cells harbor

functional TP53 mutations (Supplementary Fig. S1). These find-

ings support cooperative functions of Rb1 and TP53mutations in

driving ENZ treatment—associated NED. Our results have obvi-

ous implications for interpretation of pathologic information

from patients with prostate cancer who receive AR signaling

inhibitor therapy, and for the development of prognostic and

predictive biomarkers for patients with prostate cancer in a

transition state prior to the development of NEPC and small cell

prostate cancer with Rb1 and TP53 genomic alterations.

A clinically important finding of our study was that PARP

inhibition suppresses development of NED through inhibiting

the GR–MYCN–CDK5R1/R2–RB1–NED molecular pathway.

We demonstrated that PARP inhibitors suppress GR-mediated

transcriptional regulation of MYCN, N-Myc-mediated transcrip-

tional regulation of NED genes and CDK5R1/R2, and E2F1-

mediated transcriptional regulation of CHGA, SYP, and NSE

(presumably also E2F1-mediated transcriptional regulation of

cell cycle-promoting genes). Although unexpected, these results

are consistent with the well-documented role of PARP in the

transcriptional regulation of multiple genetic pathways including

cell differentiation (46, 47). PARP-mediated transcriptional reg-

ulation activities are linked to chromatin modification, thus

within the context of NEPC, further analysis of chromatin mod-

ification together with PARP regulation of the GR–MYCN–

CDK5R1/R2–RB1–NEDmolecular pathway is warranted. Impor-

tantly, elucidation of PARP-mediated transcriptional regulation

of the GR–MYCN–CDK5R1/R2–RB1–NED molecular pathway

exposes therapeutic vulnerabilities with regard to targeting line-

age plasticity, and the development of NED and NEPC. To

validate the clinical implications of our study we showed that

OLAþDINA treatment suppressed growth of NEPC xenograft

models and, importantly reduced NED in tumor tissues in vivo.

Additional preclinical studies that leverage PARP inhibitor-

mediated transcriptional suppression of key nodes in the

GR–MYCN–CDK5R1/R2–RB1–NED molecular pathway are

warranted. In addition, studies that test combination treatment

approaches that include PARP inhibitors and CDK inhibitors

that prevent phosphorylation (inactivation) of Rb1 may lead to

more effective therapies for NEPC.

In summary, the results of our study indicate an important role

of GR–MYCN–CDK5R1/2–RB1–NED signaling in ENZ-induced

and OLA-suppressed NEPC. We also demonstrated efficacy for

OLAþDINA combination therapy in NEPC xenograft models.

Further investigation of treatment related NEPC in light of our

findings will hopefully lead to effective therapies for this currently

incurable disease.
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