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Abstract

Neuroendocrine prostate cancer (NEPC), a lethal subset of prostate cancer, is characterized by 

loss of AR signaling and resulting resistance to AR-targeted therapy during neuroendocrine 

transdifferentiation, for which the molecular mechanisms remain unclear. Here, we report that 

neuropilin 2 (NRP2) is upregulated in both de novo and therapy-induced NEPC, which induces 

neuroendocrine markers, neuroendocrine cell morphology and NEPC cell aggressive behavior. 

NRP2 silencing restricted NEPC tumor xenograft growth. Mechanistically, NRP2 engages in 

reciprocal crosstalk with AR, where NRP2 is transcriptionally inhibited by AR, and in turn 

suppresses AR signaling by downregulating the AR transcriptional program and confers resistance 
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to enzalutamide. Moreover, NRP2 physically interacts with VEGFR2 through the intracellular 

SEA domain to activate STAT3 phosphorylation and subsequently SOX2, thus driving NEPC 

differentiation and growth. Collectively, these results characterize NRP2 as a driver of NEPC and 

suggest NRP2 as a potential therapeutic target in NEPC.

Introduction

Prostate cancer (PC) is the second most frequent cancer and the fifth leading cause of 

cancer death in men worldwide [1]. Androgen deprivation therapy (ADT) is the mainstay 

treatment for PC. Although ADT is initially effective, the majority of tumors relapse with 

castration-resistant characteristics (CRPC), a subset of which further develop small-cell 

or neuroendocrine (NE) features (NEPC) [2, 3]. With the introduction of highly potent 

antiandrogen drugs such as enzalutamide (ENZ) for CRPC management, the incidence of 

therapy-induced NEPC has been escalating in recent years. Although it rarely occurs de 
novo, NEPC has been reported in up to 25% of advanced therapy-resistant CRPC patients 

[2]. NEPC demonstrates high proliferative rates and reduced/lost androgen receptor (AR) 

signaling, resulting in resistance to AR-targeted therapy, and currently has no effective 

treatment [4].

Recent studies indicate that the molecular pathogenesis of NEPC involves orchestrated 

genetic alterations, epigenetic reprogramming and microenvironmental cues for activation 

of a range of master transcriptional regulators, oncogenic signaling pathways and cellular 

events associated with lineage switch to promote NE differentiation [5]. Despite these 

discoveries, the molecular mechanisms controlling NEPC development and progression still 

remain unclear.

Neuropilins (with 2 homologs, NRP1 and NRP2) are broadly expressed multifunctional 

transmembrane proteins that bind to vascular endothelial growth factors (VEGFs) and class 

3 semaphorins as their coreceptors to regulate vascular development and axon guidance, 

respectively. Neuropilins are frequently overexpressed in many human tumors, including 

PC, and demonstrate the ability to regulate tumor growth and progression [6, 7]. Several 

studies have revealed NRP2 upregulation in human PC adenocarcinoma, correlated with 

increasing Gleason grade and shorter cancer-specific survival [8, 9]. NRP2 expression has 

been recently shown to be further elevated in bone metastatic PC adenocarcinoma compared 

to primary or metastatic PC adenocarcinomas from other sites [10]. Despite these findings, 

little is known about neuropilin expression and function in NEPC. This study explored the 

role and mechanism of NRP2 in NEPC.

Results

NRP2 expression is upregulated in NEPC

To seek NRP2’s clinical relevance to aggressive PC variants, we evaluated NRP2 expression 

in a tissue panel of primary PC, CRPC and NEPC by immunohistochemistry (IHC). We 

found higher NRP2 levels in human CRPC and NEPC compared to primary PC. NRP2 

levels were further elevated in NEPC with pure small-cell/NE histology compared to CRPC 

Wang et al. Page 2

Oncogene. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(Fig. 1A). Examining NRP2 expression in publicly available RNA-seq datasets, we showed 

that NRP2 mRNA levels were upregulated in hormone-refractory tumors (HRPC) compared 

to hormone-sensitive tumors (HSPC) (GSE6752), and in NEPC patient-derived xenografts 

(PDXs) compared to adenocarcinoma (Adeno) PDXs (GSE32967 and GSE66187) (Fig. 

1B). Using the NE marker CHGA for assessing NE differentiation in CRPC tumors, we 

found a positive correlation between NRP2 and CHGA protein expression in a CRPC tissue 

microarray (Fig. 1C). We also demonstrated a positive mRNA co-expression correlation 

between NRP2 and two NE markers, ENO2 and NCAM1, in 5 independent PC cohorts 

(DKFZ 2018 [11], TCGA, SMMU 2017 [12], MSKCC 2010 [13], and Broad/Cornell 2012 

[14]) (Fig. 1D). NRP2 mRNA further demonstrated a positive correlation with NEPC score 

based on a set of 70 NEPC reference genes [15] in the SU2C/PCF 2019 mCRPC cohort 

[16] (Fig. 1E). Additionally, gene set enrichment analysis (GSEA) of genes differentially 

expressed in NRP2-high relative to NRP2-low PC patient samples from the TCGA cohort 

showed similar transcriptomic profiles to NEPC, including 285 genes overexpressed and 180 

genes underexpressed in NEPC [15, 17, 18] (Fig. 1F).

To determine NRP2’s association with NE characteristics in human PC cells, we measured 

NRP2 expression across different human PC cell lines. NRP2 expression remained marginal 

prevalently in AR+/NE− cell lines (LAPC4, LNCaP, C4–2 and C4–2B) and rose toward 

an increasing NE degree (Fig. 1G). NRP2 expression was the highest in the AR− de novo 
small-cell/NE NCI-H660 cells [19] and second highest in the AR−/NE-like PC-3 cells 

with reported characteristics of prostatic small-cell/NE carcinoma [20]. We also detected 

moderate NRP2 levels in 22Rv1 cells with dual AR/NE positivity [21, 22].

To examine NRP2 expression in therapy-induced NEPC, we used an ENZ-resistant (ENZR) 

C4–2B (C4–2BENZR) cell line, which recapitulates the clinical transition of CRPC to 

NEPC under ADT [23]. We demonstrated upregulated NRP2 expression in C4–2BENZR 

cells compared to controls, paralleled by reduced AR and PSA expression and enhanced 

levels of several NE markers (CHGA, CD56, NSE, SYP and SOX2) (Fig. 1H). We also 

performed GSEA with the RNA-seq data from C4–2BENZR and control cells (GSE159548) 

and demonstrated significant enrichment of the gene signatures related to neuropilin binding, 

defined as binding to a member of the neuropilin family in the GO database, as well as 

NRP2 targets in C4–2BENZR cells compared to controls (Fig. 1I). The NRP2 targets were 

defined as the top 100 differentially expressed genes ranked by fold change in absolute 

value (p<0.001) in NRP2-knockdown relative to control C4–2BENZR cells by RNA-seq 

(Supplementary Table 1). We also found that C4–2BENZR cells were enriched for the gene 

signatures of angiogenesis and axon guidance, where NRP2 plays an active role (Fig. 1I). 

Additionally, we interrogated a dataset (GSE70380) from a patient progressing on ADT 

and found higher NRP2 mRNA levels post 12-week ENZ treatment, paralleled by increased 

and reduced levels of NCAM1 and KLK3 respectively (Fig. 1J). Collectively, these results 

indicated NRP2 upregulation in NEPC.

NRP2 is suppressed by androgen signaling

To examine whether AR ablation activates NRP2 in NEPC, we treated LNCaP and C4–

2B cells, which both express NRP2 but with a higher level in C4–2B than LNCaP as 

Wang et al. Page 3

Oncogene. Author manuscript; available in PMC 2023 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



demonstrated by us (Supplementary Fig. 1) and others [9, 10], with ENZ. We found that 

ENZ time-dependently increased NRP2 mRNA levels along with reduced KLK3 levels in 

a 7-day observation period (Fig. 2A). Analysis of RNA-seq data (GSE8702) from LNCaP 

cells grown in androgen-deprived medium for up to 11 months demonstrated time-dependent 

increases of NRP2 and ENO2 mRNA levels (Fig. 2B). Next, we treated LNCaP cells with 

ENZ for 6 hours, which led to activation of NRP2 and ENO2 mRNA with a concomitant 

KLK3 decrease (Fig. 2C). Conversely, treatment of LNCaP and C4–2B cells with the 

synthetic androgen R1881 for 6 hours caused a reduction in NRP2 mRNA levels along with 

increased KLK3 and decreased ENO2 levels (Fig. 2D). These findings suggest that NRP2 
expression may be transcriptionally suppressed by AR.

To explore whether AR binds to the NRP2 gene locus, we interrogated two ChIP-seq 

datasets involving LNCaP cells (GSE161167) and human prostate tissues (GSE70079). We 

initially identified two AR-bound regions residing in NRP2 introns 7 and 15 respectively, 

but we were only able to validate AR interaction with the sequence encompassing the 

ChIP-seq AR peak in intron 15, not intron 7, in R1881-treated LNCaP cells by chromatin-

immunoprecipitation (ChIP)-qPCR assays (Supplementary Fig. 2). Thus, we decided to 

focus on the AR-bound intron 15 hereafter. In the LNCaP cells, the affinity of AR 

association with intron 15 was boosted upon dihydrotestosterone (DHT) treatment. In the 

clinical samples, higher AR occupancy at intron 15 was shown in most tumor tissues 

relative to normal prostate tissues. Further, we identified a consensus androgen response 

element (ARE, +89,311~+89,325) within the AR-bound intronic sequence, which has high 

homology with the canonical ARE sequence GGT/AACAnnnTGTTCT [24] (Fig. 2E). To 

validate AR occupancy at this ARE, we conducted ChIP-qPCR assays and revealed AR 

occupancy at the ARE-centric sequence upon R1881 stimulation, paralleled by minimal 

AR binding in the absence of R1881. A sequence of NRP2 exon 1 as a negative control 

demonstrated no AR occupancy regardless of R1881 treatment (Fig. 2F). To determine 

whether the identified ARE was functional, we inserted the corresponding ARE-centric 

sequence upstream of the minimal promoter-driven luciferase gene to construct a NRP2 
ARE-luc reporter. Compared with the WT NRP2 ARE-luc inductive to ENZ at 6 hour, 

mutations of select nucleotides in the ARE made the reporter no longer responsive to ENZ 

in LNCaP cells (Fig. 2G)

To seek the clinical relationship of NRP2 with AR, we demonstrated a negative correlation 

between NRP2 mRNA versus AR score defined by assessment of 30 AR target genes in 

the SU2C/PCF 2019 cohort (Fig. 2H), corroborated by the negative mRNA co-expression 

correlations of NRP2 with several AR target genes in 4 independent cohorts (Fig. 2I). 

Analysis of the CRPC samples in the Grasso 2012 cohort [25] indicated an inverse 

relationship of NRP2 mRNA with serum PSA levels (Fig. 2J). Together, these results 

suggest that NRP2 is transcriptionally suppressed by AR, likely via AR binding to a NRP2 
intronic ARE.

NRP2 is necessary to maintain the NE traits and aggressive behavior of NEPC cells

To assess the requirement of NRP2 to support a NE phenotype in PC cells, we stably 

knocked down NRP2 using two separate shRNAs in C4–2BENZR and PC-3 cells that both 
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exhibit NE traits [20, 23]. Validated knockdown of NRP2 reduced protein expression of the 

NE markers CHGA and CD56 in C4–2BENZR and PC-3 cells compared to controls (Fig. 

3A), accompanied by decreases in a panel of additional NE genes in NRP2-knockdown 

relative to control C4–2BENZR cells by RNA-seq-based transcriptomic profiling analysis 

(Supplementary Fig. 3A and Supplementary Table 2). NRP2 knockdown also resulted in a 

dedifferentiated cell morphology, a measure of a NE-like phenotype [23], in C4–2BENZR 

cells, with decreases in per-cell number of neurites and average neurite length compared to 

controls (Fig. 3B). Notably, NRP2 knockdown switched the NE lineage of C4–2BENZR cells 

back to an AR+ luminal cell lineage acquired by prostate adenocarcinoma cells, as evidenced 

by activation of AR, PSA, two AR pioneer factors involved in positioning AR on chromatin 

(FOXA1 and GATA2), and several classical AR target genes (KLK3, KLK2 and TMPRSS2) 

(Supplementary Figs. 3B and 3C).

To determine whether NRP2 regulates the aggressive biology of NEPC cells, we found 

that NRP2 knockdown suppressed C4–2BENZR and PC-3 proliferation and anchorage-

independent colony formation of cells compared to controls (Figs. 3C and 3D). Re-

expression of NRP2 into NRP2-knockdown C4–2BENZR cells restored the proliferation 

and colony formation to the levels of control cells (Supplementary Figs. 3D and 3E). 

Concordantly, NRP2 knockdown had similar effects on the proliferation of two additional 

NE-like PC cell lines, 22Rv1 and NE1.8 (Supplementary Fig. 3F). The NE1.8 cells 

derived from the LNCaP cell line after long-term ADT develop NE differentiation [26, 

27] and express higher NRP2 levels compared to LNCaP cells (Supplementary Figs. 3G). 

Considering NRP2’s anti-apoptotic role in other types of cancer such as colorectal cancer 

[28], we also examined NRP2’s effect on cell apoptosis and found that NRP2 knockdown 

resulted in significant increases in Annexin V+ cell populations, indicative of enhanced cell 

apoptosis comprising both early and late apoptotic stages, in C4–2BENZR and PC-3 cells 

compared to controls (Fig. 3E). Given that NEPC can develop from prostate adenocarcinoma 

cells after acquiring stem-like properties under ADT [5], we further examined NRP2’s effect 

on stemness and showed that NRP2 knockdown limited tumorsphere establishment by an 

average of 92% fewer C4–2BENZR cell spheres compared to controls (Fig. 3F). Collectively, 

we concluded that NRP2 is essential for maintaining NEPC differentiation and cell behavior.

NRP2 represses AR signaling and promotes NE plasticity

To investigate NRP2’s role inducing a NE phenotype in prostate adenocarcinoma cells, we 

stably overexpressed NRP2 encoding the NRP2a isoform in LNCaP and 22Rv1 cells, where 

22Rv1 also expresses AR-V7, an AR splice variant with ligand-independent constitutive 

activity [29]. Enforced expression of NRP2 reduced protein expression of AR, AR-V7, 

PSA, FOXA1 and GATA2 in LNCaP and 22Rv1 cells compared with controls (Fig. 4A). 

Consistent with these findings, NRP2 overexpression decreased expression of several AR 

target genes and the activity of an AR-dependent luciferase reporter (PSA-luc) in LNCaP 

and 22Rv1 cells compared with controls (Figs. 4B and 4C). On the other hand, NRP2 

overexpression heightened the levels of several canonical NE markers, including CHGA, 

NSE and SOX2 by Western blot and surface CD56 by flow cytometry, in LNCaP and 22Rv1 

cells compared with controls (Figs. 4A and 4D). The reprogramming transcription factor 

SOX2 was previously reported to promote lineage plasticity during NEPC development 
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associated with loss of luminal cell identity [30]. In accord with this, NRP2 overexpression 

led to downregulation of luminal cell markers AR and CK8 in LNCaP and 22Rv1 cells 

compared with controls (Fig. 4A). Similarly, NRP2 overexpression also repressed AR 

expression/activity and induced SOX2 expression in C4–2B cells (Supplementary Figs. 4A 

and 4B).

To examine the biological consequences of NRP2 activation on PC cell behavior, 

we demonstrated that NRP2 overexpression accelerated the proliferation, anchorage-

independent colony formation and tumorsphere formation of LNCaP, 22Rv1 and C4–2B 

cells compared with controls (Figs. 4E–4G and Supplementary Figs. 4C–4E). We also 

showed that NRP2 overexpression caused decreases in apoptosis of LNCaP and C4–2B (Fig. 

4H and Supplementary Fig. 4F) but not 22Rv1 cells (data not shown), suggesting NRP2-

induced cell apoptosis in a cell context-dependent manner. Additionally, we demonstrated 

that NRP2-overexpressing LNCaP and C4–2B cells displayed androgen-independent cell 

proliferation with comparable relative fold changes of proliferation rates under ENZ versus 

vehicle treatment over a 5-day observation period, in contrast to control cells that had a 

notable reduction in relative fold changes of proliferation rates when exposed to ENZ (Fig. 

4I and Supplementary Fig. 4G). Altogether, these results suggest that NRP2 drives NE 

plasticity for transitioning prostate adenocarcinoma cells to NEPC.

NRP2 induces NEPC through the VEGFR2/STAT3/SOX2 pathway

To search for potential candidate pathways driving NRP2-dependent aggressive NEPC 

cell behavior, we performed an unbiased proteomic screen using a phospho-kinase 

array containing 45 phosphosite-specific antibodies to detect 39 proteins involved in the 

major signaling pathways that regulate cell survival and proliferation. We compared the 

levels of these signaling phosphoproteins in NRP2-knockdown C4–2BENZR and NRP2-

overexpressing 22Rv1 cells with control cells. The screen nominated STAT3 as the top 

candidate protein downstream of NRP2 because of its relatively larger phosphoprotein-

level change consistent in both cell pairs compared to others. Intriguingly, Y705 is more 

responsive than S727 to NRP2 (Fig. 5A) likely due to that S727 phosphorylation as a 

secondary event after Y705 phosphorylation has less responsiveness to stimuli [31], which 

led us to use Y705 as the measure of STAT3 protein phosphorylation hereafter. Notably, 

STAT3 was demonstrated to be capable of promoting the aggressive behavior and NE 

differentiation in PC cells [32, 33]. We confirmed reduced STAT3 phosphoprotein levels in 

NRP2-knockdown C4–2BENZR cells alongside increased phosphoprotein levels of STAT3 

in NRP2-overexpressing LNCaP, 22Rv1 and C4–2B cells compared to controls by Western 

blots (Fig. 5B and Supplementary Fig. 4H). We also showed that NRP2 overexpression 

enhanced the activity of a STAT3-dependent luciferase reporter (SIE-luc) in LNCaP and 

22Rv1 cells (Fig. 5C), corroborated by decreased expression of several STAT3 target genes 

in NRP2-silenced C4–2BENZR cells, compared to controls (Fig. 5D).

Then we sought to investigate how NRP2 induces STAT3. Since NRP2 is not able to 

phosphorylate STAT3 by itself due to the deficiency of a kinase function, we hypothesized 

that NRP2 may partner with other types of proteins, such as receptor tyrosine kinases 

(RTKs), to activate STAT3. Neuropilins act as coreceptors for several VEGF ligands and 
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interact with VEGF receptors (VEGFRs) such as VEGFR1 and VEGFR2 to promote 

endothelial cell survival and migration [34, 35]. Given that PC cells strongly express 

VEGRF2 and lack VEGFR1 expression [9, 36], we speculated whether NRP2 enhances 

STAT3 protein phosphorylation via VEGFR2. VEGFR2 expression has been shown in 

human PC tissues, with its upregulation further seen in advanced-stage compared to 

early-stage samples [37, 38]. Further, GSEA revealed VEGFR2 expression in PC patient 

samples from the TCGA cohort to be highly correlated with genes that are differentially 

expressed in NEPC (Supplementary Fig. 5A). We demonstrated reduced phosphoprotein 

levels of VEGFR2 in NRP2-knockdown C4–2BENZR cells and increased VEGFR2 protein 

phosphorylation in NRP2-overexpressing LNCaP, 22Rv1 and C4–2B cells compared to 

controls (Fig. 5E, 5F and Supplementary Fig. 4H). Moreover, we carried out in situ 
proximity ligation assays to visualize an endogenous NRP2-VEGFR2 protein complex, a 

mechanism NRP2 utilizes to lower the activation threshold of VEGFR2 for more efficient 

VEGFR2 induction [39]. The NRP2-VEGFR2 interaction was found to be lessened in 

NRP2-knockdown C4–2BENZR cell and enhanced in NRP2-overexpressing 22Rv1 cells 

compared to controls (Fig. 5G). To determine the ligand(s) mediating NRP2-VEGFR2 

interaction, we screened the VEGF ligands known to bind to NRP2 and VEGFR2 and found 

VEGF-A to be the ligand most stably detected and highly enriched in PC cell conditioned 

media, with its secretion increasing in 22Rv1 and C4–2BENZR cells compared to LNCaP 

cells (Supplementary Fig. 5B). We further showed that inhibition of VEGF-A by a 

neutralizing antibody dose-dependently blocked NRP2-VEGFR2 interaction in C4–2BENZR 

cells (Supplementary Fig. 5C). To determine whether VEGFR2 mediates NRP2’s effect on 

STAT3, we showed that NRP2-induced STAT3 protein phosphorylation was reversed upon 

VEGFR2 knockdown in 22Rv1 cells (Fig. 5H). Neuropilins have been shown to modulate 

the RTK-downstream signaling of VEGFR2 by binding a neuropilin cytoplasmic motif 

called SEA, representing the three intracellular C-terminal amino acids serine-glutamic 

acid-alanine, to the neuropilin-interacting protein GIPC1 [40, 41]. We generated a mutant 

NRP2 expression construct with specific removal of the SEA motif (NRP2-ΔSEA) and 

found that NRP2-ΔSEA failed to induce STAT3 protein phosphorylation in 22Rv1 cells, in 

contrast to increased levels of STAT3 phosphoprotein caused by WT NRP2 (Fig. 5I). These 

results suggest NRP2 activation of STAT3 in a VEGFR2-dependent manner.

To further determine whether STAT3 mediates the NRP2-driven aggressive growth and NE 

traits of NEPC cells, we showed that pharmacologic inhibition of STAT3 by niclosamide 

[42] suppressed the proliferation of NE-like NRP2-overexpressing LNCaP and C4–2B cells 

but had a minimal effect on the proliferation of control cells (Fig. 6A and Supplementary 

Fig. 4I). We also found that knockdown of STAT3 or its upstream activator VEGFR2 

reverted the NRP2-induced NE lineage back to an AR+ luminal cell lineage by repressing 

NE markers (CD56 and SOX2) and restoring CK8, AR, PSA, FOXA1 and GATA2 to the 

levels of controls in LNCaP cells (Supplementary Figs. 6A and 6B). To investigate how 

STAT3 is mechanistically linked to NRP2-induced NE properties, we performed STRING 

analysis [43] and identified SOX2 as the primary hub integrating indirect interactions of 

STAT3 with multiple NE markers and drivers (Fig. 6B), where SOX2 was well characterized 

as a NEPC master regulator [30, 44]. Following this clue, we demonstrated that inactivation 

of STAT3 by siRNA or niclosamide attenuated NRP2-induced SOX2 protein expression in 
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22Rv1 cells (Fig. 6C). STAT3 has been demonstrated as a transcription factor recruited 

to the SOX2 promoter to regulate SOX2 transcription in mouse neural precursor cells 

and human breast and lung cancer cells [45–47]. To define the STAT3-SOX2 regulatory 

pattern in NEPC cells, we found that STAT3 occupancy at a known STAT3-bound SOX2 
promoter region was enhanced in NRP2-overexpressing 22Rv1 cells and lessened in NRP2-

knockdown C4–2BENZR cells compared to controls (Fig. 6D). Moreover, we showed 

that STAT3 knockdown suppressed SOX2 mRNA expression and promoter activity in 

NRP2-overexpressing 22Rv1 cells, which was mirrored by a rescue experiment where 

expression of a constitutively active form of STAT3 (STAT3C) restored SOX2 mRNA 

levels and promoter activity in NRP2-knockdown C4–2BENZR cells (Fig. 6E and 6F). 

We further demonstrated that siRNA or niclosamide-mediated silencing of STAT3 and 

SOX2 individually repressed NRP2-induced NCAM1 expression in 22Rv1 cells (Fig. 6G), 

suggesting STAT3 and SOX2 as effectors conferring NRP2 action on NE differentiation. 

Additionally, We found a positive correlation between NRP2 and SOX2 protein expression 

in the above-used CRPC tissue microarray (Fig. 6H), corroborated by higher SOX2 mRNA 

levels in NRP2-high compared with NRP2-low patient samples from both the TCGA and 

Beltran 2016 CRPC/NEPC [15] cohorts (Fig. 6I). Collectively, these results support the 

notion that NRP2 drives NEPC acquisition of aggressive growth and NE marker expression 

through the VEGFR2/STAT3/SOX2 pathway.

NRP2 silencing inhibits NEPC tumor growth in mice

To address whether NRP2 supports NEPC tumor behavior in vivo, we established a PC-3 

prostate tumor xenograft mouse model using the doxycycline (Dox)-inducible shRNA 

expression system. We generated two separate Dox-dependent inducible NRP2 shRNA 

expression constructs (shNRP2#1 and shNRP2#2) and stably expressed them individually 

in PC-3 cells. We observed notable reductions of NRP2 protein expression and cell 

proliferation upon Dox stimulation consistently across two shRNAs, validating the efficacy 

of induced NRP2 knockdown (Figs. 7A and 7B). Next, we implanted PC-3 cells stably 

expressing Dox-inducible NRP2 shRNA (shNRP2#1) into male immunocompromised mice 

to form subcutaneous xenografts. One week after inoculation when most mice developed 

palpable tumors, mice were randomized into two groups and given either a Dox-containing 

(Dox+) diet or a normal (Dox−) diet. Mice fed with a Dox+ diet leading to induced NRP2 

knockdown formed fewer tumors (7/12) compared to control mice receiving a Dox- diet 

(12/12) (Fig. 7C). Strikingly, Dox-induced tumor NRP2 silencing nearly halted the growth 

of PC-3 tumors, accompanied by smaller tumor weights at the endpoint, compared to control 

mice (Figs. 7D–7F). By characterizing tumor samples, we demonstrated lower NRP2 protein 

expression in Dox-treated tumors compared to controls, indicating effective and sustainable 

NRP2 knockdown in vivo (Fig. 7H). We also found a 75% drop of Ki-67+ cells for reduced 

mitotic index while a roughly 7-fold increase of cleaved caspase 3+ cells for enhanced tumor 

cell apoptosis in NRP2-knockdown tumors compared to controls (Figs. 7G and 7H). NRP2 

silencing further reduced CHGA, CD44, phospho-STAT3 and SOX2 protein expression in 

tumors compared to controls (Fig. 7H). Together, these results suggest the requisite role of 

NRP2 in supporting NEPC tumor growth in mice.
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In summary, our preclinical studies demonstrate that NRP2 is necessary and sufficient for 

NEPC development and progression. Mechanistically, NRP2 is upregulated upon relieving 

AR transcriptional repression during NE differentiation, and in turn suppresses AR signaling 

while activating the VEGFR2/STAT3/SOX2 pathway to induce NE plasticity and the 

aggressive biology of NEPC cells (Fig. 7I).

Discussion

In this study, we identified NRP2 as a driver of NEPC and defined a NRP2-dependent 

mechanism conferring a lineage switch of prostate adenocarcinoma cells towards a NE 

phenotype. Previous studies have well demonstrated NRP2 upregulation in primary and 

metastatic prostate adenocarcinoma [8–10] where the AR axis is considered active. Here, we 

presented evidence of continual elevation of NRP2 expression in NEPC clinical samples, a 

disease stage developed from adenocarcinoma upon long-term and/or more potent inhibition 

of the AR axis. Our data would be strengthened by including more NEPC samples with pure 

small-cell/NE histology to increase the sample size for comparisons, though this type of 

samples is rarely procured in the clinic. Nevertheless, our results and those of others support 

a notion that NRP2 tends to be highly expressed in both adenocarcinoma and NE prostate 

tumors.

We demonstrated that NRP2 is transcriptionally suppressed by AR, likely via direct AR 

interaction with an intronic ARE, leading to NRP2 upregulation in NEPC where AR is in 

general absent or inhibited. This finding was consistent with the scenario for AR control 

of the other neuropilin isoform, NRP1, which is transcriptionally repressed by AR binding 

to AREs within the distal and intron 12 genomic regions of NRP1 [48]. Our identification 

of the NRP2 intronic ARE that can bind to and respond to AR would imply involvement 

of a DNA looping mechanism whereby the ARE and NRP2 promoter are brought together 

through AR and likely other proteins (e.g., an AR-repressive complex) as speculated for the 

functional intronic AREs found at the genomic loci of other genes [48–51]. To prove this, 

we interrogated published Hi-C datasets using LNCaP cells (GSE73785 and GSE125640) 

to examine the predicted DNA looping within the NRP2 gene locus using NRP1 that 

harbors a reported intronic ARE [48] as a positive control. Surprisingly, we did not see the 

expected chromatin interactions between the ARE-encompassing introns and promoters of 

both NRP2 and NRP1 (data not shown), which we argue could be possibly due to limited 

data resolution provided by Hi-C assays that were originally designed for exploring large-

scale genomic confirmations [52–54]. Thus, further Hi-C/3C analyses achieving sufficient 

coverage and supporting higher data resolution (e.g., <40 kb) will be required to measure 

specific small-scale interactions within a subset of the genome well enough to establish 

the NRP2 promoter-intron looping facilitated by AR. Reciprocally, we demonstrated that 

overexpression of the NRP2a isoform inhibits AR expression and transcriptional activity 

to confer the loss of AR+ luminal cell identity with concomitant induction of NE features. 

Interestingly, Dutta et al. recently observed that NRP2b, the other isoform of NRP2, can 

translocate to the inner nuclear membrane to form a complex with AR and nucleoporins 

and enhance AR transactivation function [55]. Given these discrepancies, we argue that 

NRP2 may have the dual role of maintaining an AR-repressive state in AR-indifferent 

NEPC as well as amplifying AR effects in AR-dominant CRPC in an isoform-dependent 
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manner, which expands the therapeutic utility of targeting NRP2 for treatment of advanced 

PC, especially for the clinically emergent type of amphicrine tumors composed of cells 

exhibiting both AR and NE activity [56].

Mechanistically, our results showed that NRP2 induces the VEGFR2/STAT3/SOX2 pathway 

to drive NEPC differentiation and growth following diminished AR activity and dependence. 

Our data further point out the requirement of VEGF-A in maintaining NRP2-VEGFR2 

interaction and support a ligand-dependent mode of NRP2 action activating VEGFR2 to 

trigger STAT3 phosphorylation in the NEPC context. In addition to VEGF ligands, NRP2 

also functions as a coreceptor to plexins in response to semaphorin ligands such as SEMA3F 

[57]. Interestingly, NRP2 has been shown to reduce the phosphorylation levels of STAT3 

after complexing with SEMA3F and PlexinA1in lung cancer cells [58], suggesting that 

NRP2 may regulate STAT3 in a ligand- and/or cell context-dependent manner.

In conclusion, our study reveals a NRP2-dictated molecular mechanism controlling a NE 

lineage switch driving the emergence and progression of NEPC, and proposes targeting 

NRP2 as a potential therapeutic strategy to treat or prevent NEPC.

Materials and Methods

Clinical specimens

The primary PC tissue microarray PR483c (n=39) in Fig. 1A was obtained from US 

Biomax. The CRPC tissue microarrays (n=21) in Figs. 1A, 1C and 6H were constructed 

by the Biobank of Taipei General Veterans Hospital. This study was reviewed and approved 

by the IRB of Taipei General Veterans Hospital, and written informed consent was provided 

for patients. The NEPC single section slides (n=4) with pure small-cell/NE histology in Fig. 

1A were provided by Dr. Mahul Amin at Cedars-Sinai Medical Center.

Animal studies

All animal studies received prior approval from the IACUC of Washington State University 

and complied with IACUC recommendations. Male 4- to 6-week-old NSG mice were 

purchased from Jackson Laboratory and housed in the animal research facility at 

Washington State University. To determine NRP2’s effect on NEPC tumor development 

and growth, 1 × 106 PC-3 cells expressing Dox-inducible NRP2 shRNA were mixed 1:1 

with Matrigel (BD Biosciences) for bilateral subcutaneous injection into NSG mice. One 

week after tumor inoculation, mice were randomly divided into two groups (6 mice/group 

with 2 injection points/mouse) and fed a diet with 625 mg/kg Dox (Dox+, Envigo) or a 

normal diet (Dox−) ad libitum. Tumor size was measured every 2–3 days by caliper after 

Dox administration. Tumor volume was calculated as length × width2 × 0.52.

RNA-seq and gene set enrichment analysis

The total RNA of control and NRP2-knockdown C4–2BENZR cells were extracted by 

RNeasy Mini Kit (Qiagen) and underwent DNase digestion following the manufacturer’s 

instructions. RNA-seq was performed on an Illumina HiSeq 4000 at Novogene. Bowtie 2 

v2.1.0 was used for mapping to the human genome hg19 transcript set. RSEM v1.2.15 was 
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used to calculate the count and estimate the gene expression normalization. The RNA-seq 

raw data are available at GEO with the accession number GSE207598. GSEA v4.0.3 was 

used to evaluate the enrichment of different gene sets from the molecular signature database 

(MSigDB v7.2) or curated based on related studies.

Statistics

Data are presented as the mean ± SEM as indicated in figure legends. Comparisons between 

Kaplan-Meier curves were determined using the log-rank test. Correlations were determined 

by Pearson correlation. All other comparisons were analyzed by unpaired 2-tailed Student’s 

t test. A p value less than 0.05 was considered statistically significant. Sample size as 

indicated in figure legends were chosen based on the power to detect significant differences 

(p<0.05) between any experimental and control groups. The investigators were not blinded 

to the group allocation and outcome assessment during the experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NRP2 expression is upregulated in NEPC.
(A) Representative NRP2 IHC staining and quantification in a PC patient cohort assembling 

primary PC (n=39), CRPC (n=21) and NEPC (n=4) samples. Scale bars: 250 μm. (B) 
Comparisons of NRP2 mRNA levels in hormone-sensitive PC (HSPC) versus hormone-

refractory PC (HRPC), in CRPC adenocarcinoma (Adeno) versus NEPC, and in prostate 

adenocarcinoma (Adeno) versus NEPC from the GSE6752, GSE32967 and GSE66197 

datasets respectively. (C) Representative NRP2 and CHGA IHC staining in serial sections 

of a CRPC patient tissue microarray (n=21) and corresponding Pearson correlation analysis. 

Scale bars: 250 μm. (D) Pearson correlation analysis of NRP2 versus ENO2 and NCAM1 
mRNA in the indicated datasets from the cBioPortal database. (E) Pearson correlation 

analysis of NRP2 mRNA and NEPC score in the SU2C/PCF 2019 mCRPC cohort from the 

cBioPortal database. (F) GSEA of NEPC gene signatures for the comparisons of NRP2-high 

versus NRP2-low patient samples in the TCGA primary PC cohort. (G) qPCR of NRP2 in a 

panel of indicated human PC cell lines (n=3). (H) Western blot of NRP2 and other indicated 

proteins in control and ENZR C4–2B cells. (I) GSEA of the indicated gene signatures for the 

comparisons of ENZR versus control C4–2B cells. (J) NRP2, KLK3 and NCAM1 mRNA 

levels (unit: RPKM) in the RNA-seq dataset GSE70380. V1_met: rib metastasis obtained 

during first visit and before treatment; V2_met: metastasis obtained during second visit after 

ENZ treatment for 12 weeks. Data represent the mean ± SEM. **p<0.01.
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Figure 2. NRP2 is transcriptionally repressed by AR.
(A) qPCR of NRP2 and KLK3 in LNCaP and C4–2B cells upon ENZ treatment (10 μM) 

for the indicated times (n=3). (B) NRP2 mRNA levels (unit: MAS5 normalized intensity) in 

LNCaP cells exposed to long-term culture in androgen-deprived medium from the RNA-seq 

dataset GSE8702. (C) qPCR of NRP2, KLK3 and ENO2 in LNCaP cells treated with ENZ 

(10 μM, 6 hours) (n=3). (D) qPCR of NRP2, KLK3 and ENO2 in LNCaP and C4–2B cells 

upon R1881 stimulation (10 nM, 6 hours) (n=3). (E) Genomic browser representation of 

AR binding in NRP2 intron 15 encompassing an ARE, with the nucleotides identical to the 

canonical ARE underlined, in the GSE161167 (LNCaP cells) and GSE70079 (a cohort of 

normal and tumor human prostate tissues) datasets. (F) ChIP-qPCR of AR occupancy at 

sequences of the NRP2 ARE-centric intron 15 and exon 1 by R1881 (10 nM, 24 hours) 

in LNCaP cells. Data represent the percent of input (n=3). (G) Determination of NRP2 
ARE-luc activity in WT or mutated forms by ENZ (10 μM, 6 hours) in LNCaP cells (n=3). 

Schematic of WT and mutated NRP2 ARE-luc, with nucleotides selected for mutations in 

red, is shown separately. (H) Pearson correlation analysis of NRP2 mRNA and AR score 

in the SU2C/PCF 2019 mCRPC cohort. (I) Pearson correlation analysis of NRP2 versus 

KLK3, KLK2, TMPRSS2 and NKX3–1 mRNA in the indicated datasets from the cBioPortal 

database. (J) Pearson correlation analysis of NRP2 mRNA with serum PSA levels in the 

Grasso dataset from the Oncomine database. Data represent the mean ± SEM. *p<0.05, 

**p<0.01; ns, not significant.
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Figure 3. Knockdown of NRP2 represses the NE traits and aggressive behavior of NEPC cells.
(A) Western blot of NRP2, CHGA and CD56 in control and NRP2-knockdown C4–2BENZR 

and PC-3 cells. (B) Representative images of control and NRP2-knockdown C4–2BENZR 

cell morphology and corresponding quantification of per-cell number of neurites and 

average neurite length in each group (n=50 cells/group), as a representative of 3 independent 

experiments. (C) MTS cell proliferation assays of control and NRP2-knockdown C4–

2BENZR and PC-3 cells. Data represent the fold changes of cell proliferation during an 

observation period of up to 6 days (n=3). Fold change on the day of cell seeding (day 

0) in each group was set as 1. (D) Representative images and quantification of colonies 

formed in control and NRP2-knockdown C4–2BENZR and PC-3 cells (n=3). (E) Flow 

cytometric analysis of cell apoptosis by the percent of Annexin V+ cell populations in 

control and NRP2-knockdown C4–2BENZR and PC-3 cells (n=3). (F) Representative images 

and quantification of tumorspheres formed by control and NRP2-knockdown C4–2BENZR 

cells (n=3). Data represent the mean ± SEM. **p<0.01.
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Figure 4. NRP2 overexpression attenuates AR signaling and promotes NE plasticity and PC cell 
aggressiveness.
(A) Western blot of indicated proteins in control and NRP2-overexpressing LNCaP 

and 22Rv1 cells. (B) qPCR of the indicated AR target genes in control and NRP2-

overexpressing LNCaP and 22Rv1 cells (n=3). (C) Determination of PSA-luc activity in 

control and NRP2-overexpressing LNCaP and 22Rv1 cells (n=3). (D) Flow cytometric 

quantification of CD56+ cells per 50,000 cells in control and NRP2-overexpressing LNCaP 

and 22Rv1 cells (n=3). (E) Cell counting assays of control and NRP2-overexpressing 

LNCaP and 22Rv1 cells in a 7-day observation period (n=3). (F, G) Representative 

images and quantification of colonies (F) and tumorspheres (G) formed by control and 

NRP2-overexpressing LNCaP and 22Rv1 cells (n=3). (H) Flow cytometric analysis of 

cell apoptosis by the percent of Annexin V+ cell populations in control and NRP2-

overexpressing LNCaP cells (n=3). (I) MTS cell proliferation assays of control and NRP2-

overexpressing LNCaP cells upon ENZ treatment (5 μM, 5 days). Data represent the fold 

changes of cell proliferation on day 5 relative to cell seeding day (day 0) (n=4), with fold 

changes in non-treated groups set as 1 for normalization of paired treated groups. Data 

represent the mean ± SEM. *p<0.05, **p<0.01; ns, not significant.
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Figure 5. NRP2 activates STAT3 in a VEGFR2-dependent manner.
(A) Representative images of phospho-kinase antibody array and quantification of p-

STAT3 levels from indicated cells. (B) Western blot of p-STAT3 (Y705) and STAT3 in 

indicated cells. (C) Determination of STAT3-responsive SIE-luc activity in control and 

NRP2-overexpressing LNCaP and 22Rv1 cells (n=3). (D) qPCR of the indicated STAT3 

target genes in control and NRP2-knockdown C4–2BENZR cells (n=3). (E) Representative 

p-VEGFR2 immunofluorescence staining and quantification in indicated cells cultured in the 

presence of only endogenous ligands. Scale bars: 50 μm. (F) Western blot of p-VEGFR2 

and VEGFR2 in indicated cells cultured in the presence of only endogenous ligands. 

(G) Representative PLA staining and quantification of NRP2-VEGFR2 interaction in the 

cytoplasm of indicated cells. Scale bars: 30 μm. (H) Western blot of p-STAT3 (Y705) and 

STAT3 in control and NRP2-overexpressing 22Rv1 cells upon siRNA-mediated VEGFR2 

knockdown. (I) Western blot of p-STAT3 (Y705) and STAT3 in 22Rv1 cells transiently 

expressing WT NRP2 or a mutant form of NRP2 lacking cytoplasmic SEA motif (NRP2-

ΔSEA). Schematic of full-length WT NRP2 and NRP2-ΔSEA is shown separately. Data 

represent the mean ± SEM. *p<0.05, **p<0.01.
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Figure 6. NRP2 induces NE plasticity and NEPC cell growth by STAT3 and SOX2.
(A) MTS cell proliferation assays of NRP2-overexpressing LNCaP cells upon niclosamide 

(1 μM, 5 days) treatment. Data represent the fold changes of cell proliferation on day 5 

relative to cell seeding day (day 0) (n=4), with fold changes in non-treated groups set as 1 

for normalization of paired treated groups. (B) STRING analysis of a PC NE gene signature 

for linking with STAT3 via SOX2. (C) Western blot of p-STAT3 (Y705), STAT3 and SOX2 

in control and NRP2-overexpressing 22Rv1 cells upon treatment with STAT3 siRNA or 

niclosamide (20 μM, 12 hours). (D) ChIP-qPCR of STAT3 occupancy at a STAT3-binding 

SOX2 promoter region in indicated cells. Data represent the percent of input (n=3). (E) 
qPCR of SOX2 in control and NRP2-overexpressing 22Rv1 cells upon STAT3 siRNA 

treatment, and in control and NRP2-knockdown C4–2BENZR cells expressing STAT3C, a 

constitutively active form of STAT3 (n=3). (F) Determination of SOX2 promoter activity in 

NRP2-overexpressing 22Rv1 cells under STAT3 siRNA treatment, and in NRP2-knockdown 

C4–2BENZR cells expressing STAT3C (n=3). (G) qPCR of STAT3, SOX2 and NCAM1 
in 22Rv1 cells treated with STAT3 or SOX2 siRNAs or niclosamide (20 μM, 12 hours) 

(n=3). (H) Representative NRP2 and SOX2 double quantum dot staining and corresponding 

Pearson correlation analysis in a CRPC patient tissue microarray (n=21). Scale bars: 50 

μm. (I) Chi-Square analysis of distribution of SOX2 mRNA levels (L, low; H, high) in 
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NRP2-low and -high groups from the TCGA and Beltran 2016 CRPC/NEPC cohorts at 

cBioPortal. Data represent the mean ± SEM. *p<0.05, **p<0.01; ns, not significant.
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Figure 7. NRP2 silencing restricts NEPC tumor growth in mice.
(A) Western blot of NRP2 in PC-3 cells expressing Dox-inducible NRP2 shRNAs upon 

Dox stimulation (100 ng/ml, 3 days). (B) MTS cell proliferation assays of PC-3 cells 

expressing Dox-inducible NRP2 shRNAs upon Dox stimulation (100 ng/ml, 3 days). Data 

represent the fold changes of cell proliferation on day 3 relative to cell seeding day (day 

0) (n=4), with fold changes in non-treated groups set as 1 for normalization of paired 

treated groups. (C) Kaplan-Meier tumor-free curves of mice inoculated with PC-3 cells 

expressing a Dox-inducible NRP2 shRNA (shNRP2#1) and fed a Dox- or a Dox+ diet 
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(n=12 injection points per group). (D) PC-3 tumor growth curves of mice fed a Dox− or a 

Dox+ diet (Dox−, n=12; Dox+, n=7). (E, F) PC-3 tumor weights (E) and anatomic tumor 

images (F) at the endpoint. (G) Quantification of % of Ki-67+ and cleaved caspase 3+ cells 

in PC-3 tumor samples (n=4). (H) Representative IHC staining of NRP2, Ki-67, cleaved 

caspase 3, CHGA, CD44, p-STAT3 (Y705) and SOX2 in tumor samples. Scale bars: 200 

μm. (I) Schematic summarizing the mechanism by which NRP2 promotes NEPC, where 

upregulation of NRP2, upon relieving AR transcriptional repression under ADT (e.g., ENZ), 

suppresses AR signaling and activates the VEGFR2/STAT3/SOX2 pathway to induce NE 

plasticity and drive NEPC cell growth. Data represent the mean ± SEM. **p<0.01.
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