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SUMMARY

Androgen receptor (AR) signaling is a distinctive feature of prostate carcinoma (PC) and 

represents the major therapeutic target for treating metastatic prostate cancer (mPC). Though 

highly effective, AR antagonism can produce tumors that bypass a functional requirement for AR, 

often through neuroendocrine (NE) transdifferentiation. Through the molecular assessment of 

mPCs over two decades, we find a phenotypic shift has occurred in mPC with the emergence of an 

AR-null NE-null phenotype. These “double-negative” PCs are notable for elevated FGF and 

MAPK pathway activity, which can bypass AR dependence. Pharmacological inhibitors of MAPK 
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or FGFR repressed the growth of double-negative PCs in vitro and in vivo. Our results indicate 

that FGF/MAPK blockade may be particularly efficacious against mPCs with an AR-null 

phenotype.

INTRODUCTION

Androgen deprivation therapy (ADT), achieved through surgical or pharmacological 

approaches, exploits the exquisite dependence of prostate carcinoma (PC) on androgen 

receptor (AR) signaling. Although initially highly effective as a treatment for metastatic PC, 

ADT is characterized by the predictable emergence of resistance, a disease state termed 

castration-resistant prostate cancer (CRPC). An important feature of CRPC is the 

reactivation of AR signaling, an event reflected by progressive rises in serum prostate-

specific antigen (PSA), a gene product transcriptionally regulated by the AR. A substantial 

body of evidence has documented that essentially the entire AR cistrome is re-expressed in 

most CRPCs, and several mechanisms capable of maintaining AR activity have been 

established (Carver et al., 2011; Montgomery et al., 2008; Nelson et al., 2002; Taylor et al., 

2010).

The continued importance of AR signaling in most advanced PCs has prompted the 

development of therapeutics directed toward further suppressing AR ligands or the AR itself. 

Several drugs, including improved AR antagonists and inhibitors of androgen synthesis, 

extend survival (de Bono et al., 2011; Scher et al., 2012), although to date complete 

remissions have been rare. While the intensive effort focused on completely repressing AR 

activity may completely eradicate a subset of PCs, this selective pressure has the potential to 

generate PCs reliant on survival mechanisms distinct from those regulated by AR or that 

substitute for vital AR functions.

Assessments of metastatic CRPCs have determined that patients may harbor tumor deposits 

that do not express AR following conventional ADT (Roudier et al., 2003; Shah et al., 

2004). While a subset of AR-null tumors express markers of neuroendocrine (NE) 

differentiation, these neuroendocrine prostate cancers (NEPC) exist within a more complex 

spectrum of phenotypes ranging from anaplastic carcinomas, mixed prostatic 

adenocarcinomas with NE features, to pure small-cell carcinomas (Aparicio et al., 2011; 

Beltran et al., 2011; Tzelepi et al., 2012). Importantly, there are metastatic CRPCs that do 

not express the AR or markers of NE differentiation (Roudier et al., 2003; Wang and 

Epstein, 2008). Although conclusive data are lacking, evidence suggests that the widespread 

application of more effective AR pathway antagonists such as enzalutamide (ENZ) and 

abiraterone (ABI) is shifting the pattern of metastasis in patients with CRPC accompanied 

by alterations in their molecular landscapes (Beltran et al., 2014; Doctor et al., 2014). 

Anticipating that effective AR repression will more routinely result in CRPCs devoid of AR 

signaling, we sought to identify molecular pathways operating in CRPC that function to 

promote survival and growth in the absence of AR activity. The emergent signaling 

programs that confer resistance to AR-directed therapeutics may represent treatment targets 

for men with progressive CRPC.
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RESULTS

Emergence of an AR-Null and Neuroendocrine-Null Prostate Cancer Phenotype in Patients 
Following AR-Directed Therapy

To evaluate the shifting phenotypic and molecular landscapes of metastatic CRPC 

(mCRPC), we characterized metastatic tumors acquired from a long-standing tissue 

acquisition necropsy program spanning two decades. We classified tumors from 84 

consecutive patients as androgen receptor pathway active prostate cancer (ARPC) if they 

expressed AR and the AR-regulated gene PSA, or NEPC if they expressed the NE gene 

synaptophysin (SYP). In a small minority of patients both ARPC and NEPC tumors were 

evident. In the era prior to the approval of the AR pathway antagonists ENZ and ABI (1997–

2011), most CRPCs were ARPCs (85%) with rare NEPCs (10%) and rarer AR−/NE− tumors 

(5%), hereafter classified as “double-negative” PCs (DNPC) (Figures 1A and 1B). In the 

contemporary era (2012–2016), we observed a shift in tumor phenotypes with a higher 

representation of DNPCs (Figure 1 A). Gene expression programs of the tumors classified 

by immunohistochemistry (IHC) supported these distinct subtypes using 10-gene signatures 

that were concordant with previously published gene sets indicative of NE and AR pathway 

activity (Figures 1C, S1A, and S1B) (Beltran et al., 2016; Hieronymus et al., 2006).

While molecular characteristics of CRPCs with active AR and NE programs are well 

described, those of DNPC are not established. We used RNA sequencing (RNA-seq) to 

quantitate gene expression differences between DNPCs and ARPCs and identified 417 and 

107 mRNAs with substantially increased or decreased levels, respectively (5-fold; q < 

0.0001) (Figure 1D). In comparison with NEPC, 162 and 594 genes were significantly 

increased or decreased, respectively in DNPCs (5-fold; q < 0.0001) (Figure S1C). Gene set 

enrichment analysis (GSEA) identified numerous biological processes that differed between 

ARPC and DNPC, which complicated efforts to identify a predominant driver event or 

signaling pathway (Figure S1D). To prioritize efforts defining causal mechanisms 

underlying DNPC, we evaluated tumors for genomic alterations and partitioned mCRPCs 

that we previously characterized for genome-wide copy-number and mutation status (Kumar 

et al., 2016) into categories of ARPC, NEPC, and DNPC based on their expression profiles 

(Figures 1E, 1F, S1E, and S1F). Common aberrations in CRPCs such as TP53 mutation and 

PTEN loss did not differ significantly across groups with the exception of AR amplification, 

which was more frequent in ARPC (66%) compared with NEPC (13%) (p = 5.6 × 10−5) and 

RB1 loss, a hallmark of NEPC, which differed between NEPC (88%) and ARPC (16%) (p = 

2.4 × 10−8) (Figure 1E). Several genomic regions differed in copy number between ARPC 

and DNPC, but no genes in these regions varied in expression by more than 2-fold (Figure 

1F). With the caveat of limited tumor numbers, these data indicate that recurrent genomic 

aberrations do not underlie the marked phenotypic differences between ARPC and DNPC.

AR Ablation Results in CRPC without Neuroendocrine Differentiation

To provide insights into causal mechanisms capable of promoting survival in an AR-null 

state, we developed a model system that recapitulated the transition from a tumor initially 

dependent on AR activity to one capable of AR-independent growth. We began with the 

LNCaP cell line, a widely studied androgen-sensitive in vitro model of PC. LNCaP 
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derivatives capable of proliferating in the absence of AR ligands typically continue to exhibit 

AR signaling (Sobel and Sadar, 2005). Furthermore, targeting the AR in these cells with 

antibodies, ribozymes, or RNAi induces apoptosis or growth arrest, indicating that the AR 

maintains vital functions (Cheng et al., 2006; Zegarra-Moro et al., 2002). To initiate the 

present studies, we used a LNCaP line stably transduced with a tetracycline (TET)-inducible 

anti-AR short hairpin RNA (shRNA) (Cheng et al., 2006), designated as LNCaPshAR. 

Repressing AR in the setting of castration-resistant LNCaPshAR growth results in tumor 

regression, but recurrent LNCaPshAR tumors re-express AR, due to the selective loss or 

silencing of the AR-directed shRNA (Snoek et al., 2009). To enforce AR ablation, we 

introduced an androgen response element (ARE)-driven thymidine kinase suicide gene 

designated pATK. In the resulting LNCaPshAR/pATK line, thymidine kinase is expressed in 

the setting of an active AR and induces cell death when treated with ganciclovir (Figures 2A 

and S2A–S2C).

We subjected LNCaPshAR/pATK cells to increasingly severe AR pathway suppression (Figure 

2A). After 2 weeks of androgen deprivation (ADT), medium was supplemented with 1 

µg/mL doxycycline (Dox) to induce the anti-AR shRNA, which produced >99% cell death. 

After 5 months, a residual population of viable cells remained. This colony was treated with 

a 2-week course of ganciclovir to eliminate cells expressing functional AR. Surviving cells 

were designated LNCaP-AR Program-Independent Prostate Cancer (LNCaPAPIPC). AR and 

PSA were nearly undetectable in LNCaPAPIPC: AR expression was 45-fold lower and PSA 

expression was 30-fold lower than LNCaPshAR/pATK (Figures 2B and 2C). Transcripts 

comprising an AR activity signature were all substantially decreased in LNCaPAPIPC cells 

and showed no induction with androgen treatment (Figure 2D). We confirmed the absence of 

AR and PSA protein expression in LNCaPAPIPC grown in vivo as subcutaneous xenografts 

(Figure 2E).

Previous studies demonstrated that LNCaP cells grown in androgen-depleted medium or 

with AR antagonists display a transdifferentiated phenotype resembling NEPC (Mu et al., 

2017; Zhang et al., 2003). NEPC is characterized by loss of AR expression and AR activity 

and increased expression of CHGA and SYP, and cells often exhibit small-cell morphology 

(Beltran et al., 2011). NE-associated genes were not upregulated in LNCaPAPIPC cells grown 

with or without androgen supplementation (Figure 2F). Furthermore, LNCaPshAR/pATK and 

LNCaPAPIPC grown as murine xenografts do not express CHGA or SYP protein (Figure 2E).

To further evaluate the characteristics of LNCaPAPIPC cells, we determined the effects of AR 

pathway-targeted therapies. In contrast to parental LNCaPshAR/pATK, LNCaPAPIPC grow 

robustly without androgen (Figure 2G). Furthermore, treatment of LNCaPshAR/pATK with 

ENZ completely inhibited growth, while LNCaPAPIPC was highly resistant to ENZ treatment 

(Figure 2G). PC cells with low AR transcriptional activity that accompanies advanced 

Gleason grade exhibit invasive and metastatic pheno-types (Aihara et al., 1994; Erbersdobler 

et al., 2009). LNCaPAPIPC cells displayed a slight but consistent increase in baseline 

migration (5%, p = 0.019) and invasion (12%, p = 0.006) when compared with 

LNCaPshAR/pATK, and also responded to a trans-well serum gradient with a higher number 

of migratory and invasive cells (Figures 2H and 2I).
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FGFR and MAPK Signaling Pathways Are Activated in Androgen Receptor Pathway-
Independent Prostate Cancer

The growth of LNCaPAPIPC cells in the absence of AR expression indicated that alternative 

survival pathways supplanted AR requirements and we next sought to identify them. We 

used RNA-seq to profile the gene expression program in LNCaPAPIPC and identified 548 

differentially expressed transcripts relative to AR-intact LNCaPshAR/pATK cells (≥10-fold; 

q<0.001) (Figure 3A). LNCaPAPIPC gained expression of basal cell genes such as TP63 and 

TRIM29, and retained expression genes expressed in luminal cells such as KRT8, KRT18, 

and HPN (Figure 3B). We used array CGH to identify copy-number aberrations harboring 

genes that could bypass a requirement for AR signaling. Overall, the genomes of 

LNCaPAPIPC and parental LNCaPshAR/pATK were nearly identical, with only seven regions 

differing in copy number between the two lines. Two genes, MAT2B and KIAA1328, 

exhibited concordant changes in copy number and expression, but transcript levels did not 

differ between ARPCs and DNPCs. Though located in the region of chromosome-3 copy 

gain, WNT7A transcripts were not measureable in LNCaPAPIPC cells (Figures S3A–S3C). 

Collectively, the few genomic aberrations identified do not explain the marked alterations in 

gene expression between LNCaPAPIPC and parental LNCaPshAR/pATK cells.

To confirm lineage relationships, we compared the expression profiles of 15 PC cell lines 

with LNCaPAPIPC using unsupervised hierarchical clustering. LNCaPAPIPC grouped with 

other LNCaP derivatives, indicating that LNCaPAPIPC retains LNCaP characteristics even 

while lacking AR-regulated gene expression (Figure 3C). Notably, the removal of Dox from 

the culture medium of LNCaPAPIPC cells did not result in AR re-expression or a reversion of 

gene expression changes (Figure S4A). We also found no evidence of upregulation of the 

glucocorticoid receptor (GR/NR3C1), a nuclear hormone receptor previously shown to 

bypass AR requirements (Arora et al., 2013) (Figure 3D).

Phosphatidylinositol 3-kinase (PI3K)/AKT signaling can influence the progression of CRPC 

and effectively compensate for reduced AR activity in PC models via reciprocal feedback 

activation (Carver et al., 2011; Mulholland et al., 2011). Therefore, we hypothesized that 

PI3K pathway upregulation was supporting LNCaPAPIPC growth. Consistent with previous 

studies, pAKT levels increased in AR-intact LNCaPshAR/pATK cells grown in androgen-

depleted medium (Figure 3E). Surprisingly, pAKT was nearly undetectable in LNCaPAPIPC, 

suggesting that PI3K activity is not acting as a survival/growth pathway in these AR-null 

cells.

Increased mitogen-activated protein kinase (MAPK) signaling is also postulated to support 

CRPC proliferation (Aytes et al., 2013; Mulholland et al., 2012; Ueda et al., 2002). MAPK 

signal transduction is activated through a variety of stimuli, and is closely associated with 

receptor tyrosine kinase (RTK) activity. Phosphorylated MEK and dually phosphorylated 

ERK1/2 (ppERK1/2) were elevated in LNCaPAPIPC compared with LNCaPshAR/pATK 

(Figure 3F). These data suggested that increased MAPK signaling may be sustaining AR-

independent growth in LNCaPAPIPC. We evaluated RAS and RAF for alterations that could 

account for MAPK activation but found no evidence of altered expression or functional 

mutations (Figures S4B and S4C).
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We next evaluated the LNCaPAPIPC transcriptome for mechanisms plausibly contributing to 

MAPK activity and found that fibroblast growth factor 8 (FGF8) expression was 

substantially upregulated relative to AR-active LNCaPshAR/pATK (>100-fold, q < 0.001) 

(Figure 3G). FGF8 is transcribed as eight distinct isoforms (FGF8a–h), and of these FGF8b 

has the most oncogenic effects (MacArthur et al., 1995). LNCaPAPIPC expressed all active 

FGF8 isoforms at substantially higher levels than LNCaPshAR/pATK (FGF8a/g = 1,100-fold, 

p < 0.001; FGF8b = 600-fold, p < 0.001) (Figures 3H and 3I). FGF8 protein was detected in 

serum-free conditioned medium from LNCaPAPIPC but not from LNCaPshAR/pATK, 

concordant with transcript expression results (Figures 3J and S4D).

To further assess FGF pathway activity, we measured a panel of transcripts shown to reflect 

the dynamic output of FGF receptor (FGFR) signaling (Delpuech et al., 2016). Several 

transcripts comprising this FGFR signature were increased more than 10-fold in 

LNCaPAPIPC cells including DUSP6, ETV4, and EGR1, and LNCaPAPIPC cells showed 

significant FGFR and MAPK pathway enrichment scores (Figure 3K). FGF pathway 

activation has been shown to occur in rare instances by FGFR genomic rearrangements in 

mCRPC (Wu et al., 2013), but we found no evidence of mutation, copy-number gain, or 

gene rearrangements involving FGF8 or FGFRs in LNCaPAPIPC (Figures S3B and S3C). 

Collectively, these data supported the hypothesis that an autocrine FGF signaling program is 

activated in LNCaPAPIPC in the absence of AR to maintain cell survival and growth via 

MAPK.

FGFR and MAPK Signaling Are Active in DNPC and Are Inversely Associated with AR 
Activity

We next sought to further evaluate FGF and MAPK signaling in DNPCs and confirm 

LNCaPAPIPC as a relevant model for this CRPC subtype. We determined that an 

LNCaPAPIPC gene signature is significantly enriched in DNPC metastases (false discovery 

rate [FDR] < 0.001) (Figure 4A), as are gene sets reflecting the activity of FGF signaling, 

MAPK activity, MEK/ERK, and EMT (Figure 4B). No single FGF ligand or receptor was 

universally increased across all DNPCs: individual tumors expressed high FGF1, FGF8, or 

FGF9, and different FGFRs. Each of these secreted FGF ligands has been shown to activate 

multiple FGFRs consistent with the finding that DNPCs exhibited consistently high 

MEK/ERK and FGF activity scores (Figures 4C and 4D). A small subset of ARPCs also 

expressed high MEK/ERK and FGFR pathway activity, and these tumors generally also had 

lower AR activity (Figure 4C). Across the full spectrum of CRPC metastases, AR activity 

was inversely associated with FGF8/9 expression, and FGFR activity (e.g., r = −0.48, p < 

0.001 for FGF8) (Figure 4E). AR and FGF8/9 expression were inversely associated (r = 

−0.13) in an independent dataset of 150 metastatic CRPC tumors from the SU2C/PCF 

dataset (data not shown) (Robinson et al., 2015). Collectively, these results couple elevated 

FGF and MAPK signaling with a CRPC tumor phenotype, DNPC, which lacks AR activity 

and supports LNCaPAPIPC as a model that represents these attributes of DNPC.

To address the challenge of deriving a generalized understanding of DNPC from a single 

model, we sought to develop additional systems with which to evaluate drivers of DNPC and 

identify effective therapeutics. As with LNCaPAPIPC, our objective was to begin with an 
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AR-positive PC and then repress AR activity. We were unable to successfully eliminate AR 

in the commonly used VCaP or 22Rv1 PC lines by shRNA or CRISPR-based approaches 

(data not shown). However, using the PacMet-UT1 PC line that expresses a functional AR 

(Troyer et al., 2008), albeit with attenuated activity, we were able to excise AR using 

CRISPR/Cas9 editing and generate multiple PacMet AR-null sublines (Figures 5A and 5B). 

AR loss was associated with 10-fold upregulation of FGF9 and enhancement of FGF and 

MAPK activity (Figures 5C and 5D). Notably, repressing AR activity in PacMet-UT1 cells 

did not result in an NEPC phenotype, and the expression of SOX2, a reprogramming factor 

associated with transdifferentiation to NEPC, was decreased (Figure 5C) (Mu et al., 2017).

We were also successful in generating a patient-derived xenograft (PDX) model of DNPC, 

designated LuCaP173.2, initiated from a tumor acquired from a rapid autopsy procedure. 

Metastatic tumors from this individual had phenotypic variability, with one rib metastasis 

expressing AR and PSA and a second rib metastasis lacking AR or PSA staining (Figure 

5E). We confirmed that the LuCaP173.2 PDX lacks AR and PSA expression and does not 

express classic NE markers such as chromogranin or synaptophysin, thus fulfilling criteria 

for DNPC (Figure 5F). However, other genes associated with an NE phenotype such as 

EZH2 and MYCN are expressed in this PDX line, suggesting a continuum of tumor 

differentiation (Figure S5). In accord with findings in DNPC metastases, LuCaP173.2 

expresses high FGF9 and FGFR1 levels with low AR and NEPC program scores and a high 

FGFR activity score (Figure 5G).

FGF Activates MAPK Signaling and Bypasses a Requirement for Androgens and the AR in 
Promoting Prostate Cancer Growth

We next sought to determine whether FGF signaling is necessary and sufficient for 

bypassing a requirement for AR activity. We hypothesized that the substantial upregulation 

of FGF8 in LNCaPAPIPC cells comprises an autocrine loop to sustain cell survival in the 

absence of AR. The introduction of FGF8-specific small interfering RNAs (siRNAs) 

reduced LNCaPAPIPC growth by 80% (p < 0.001) (Figure 6A). In contrast, siRNA 

knockdown of FGF9, which is not upregulated in LNCaPAPIPC, had no effect. Exogenous 

FGF8b increased the growth of parental LNCaPshAR/pATK in androgen-depleted conditions 

(p < 0.001) and the addition of concentrated LNCaPAPIPC conditioned medium (CM) 

showed a small but statistically significant increase in proliferation (11%, p = 0.01), whereas 

LNCaPshAR/pATK CM had no effect (Figure 6B). The addition of exogenous FGF8b 

increased ERK1/2 phosphorylation in both LNCaPshAR/pATK and LNCaPAPIPC. FGF8-

induced growth in androgen-depleted conditions and ERK1/2 phosphorylation were blocked 

by treatment with the FGFR inhibitor PD173074 (Mohammadi et al., 1998) (Figures 6C and 

6D).

To demonstrate that FGF8 was sufficient to promote the growth of cells cultured under total 

AR pathway suppression, we treated parental LNCaPshAR/pATK grown in androgen-deprived 

conditions with Dox to suppress AR expression, and added FGF8b. FGF8b maintained cell 

proliferation during AR pathway ablation (30% increase in cell number compared with 

untreated LNCaPshAR/pATK; p = 0.019), albeit at a lower rate than AR-intact 

LNCaPshAR/pATK (75% increase in cell number compared with untreated LNCaPshAR/pATK; 
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p = 0.018) (Figure 6E). In a parallel experiment, LNCaPshAR/pATK cells were cultured in 

androgen-depleted medium and AR expression was suppressed by pre-treatment with Dox 

for 72 hr. Addition of exogenous FGF8b rescued the growth inhibition by ADT and AR 

suppression (58% increase in growth compared with untreated LNCaPshAR/pATK; p = 0.003) 

(Figure S6A).

The FGFR antagonist PD173074 is a nanomolar inhibitor of FGFR1 but is also a 

submicromolar inhibitor of vascular endothelial growth factor receptor 2/kinase domain 

receptor (VEGFR2/KDR) (Mohammadi et al., 1998). To confirm that FGFR antagonism is 

mediating the growth repression in DNPC, we treated LNCaPAPIPC with a second FGFR 

antagonist CH-5183284, which potently and selectively inhibits FGFR1–3 (IC50 of 8–22 

nM) without significant biological effects toward VEGFR2/KDR or other kinases 

(Nakanishi et al., 2014). At concentrations of 0.1–1.0 µM, CH-5183281 substantially 

inhibited the viability and increased apoptosis rates in LNCaPAPIPC with effects far 

exceeding those observed in wild-type LNCaP cells (Figures 6F and 6G). CH-5183281 also 

reduced the viability of AR-null PacMet-UT1 cells relative to the AR-intact parental line 

(Figure 6H). Confirming that MAPK activity is required for FGF8-mediated castration-

resistant proliferation, the MEK1/2 inhibitor U0126 blocked the growth of LNCaPshAR/pATK 

induced by FGF8 in androgen-depleted conditions (p < 0.001; Figure 6I) and repressed 

LNCaPAPIPC proliferation. Co-treatment of a second androgen-sensitive PC line, 22RV1, 

with U0126 and FGF8 led to a 46% decrease in cell number compared with cells treated 

with FGF8 alone (p < 0.001; Figure S6B).

We next sought to determine whether suppressing FGF signaling would inhibit the growth of 

DNPC in vivo. PD173074 significantly reduced LNCaPAPIPC xenograft growth rates: the 

study was terminated at 40 days due to large tumors in the control group at which time 

tumor volumes were 1,147 mm3 in the vehicle and 571 mm3 in PD173074 arms (p < 0.001) 

(Figure 6J). To confirm these findings, we treated LuCaP173.2 DNPC PDX tumors with 

CH-5183284. At the study endpoint of 24 days, tumor volumes were 814 mm3 and 170 mm3 

in the vehicle and CH-5183284 arms, respectively (p < 0.001) (Figure 6K). The expression 

of FGFR pathway genes as well as composite FGFR and MEK/ERK pathway activity were 

significantly reduced in LuCaP173.2 tumors resected 3 days and 24 days on CH-5183284 

treatment (Figure 6L).

FGF- and MAPK-Induced ID1 Contributes to AR-Null Prostate Cancer Growth

We next evaluated LNCaPAPIPC for downstream mediators of FGF/MAPK signaling that 

could promote the dedifferentiated phenotype of DNPC and support survival in the absence 

of AR activity. We identified a strong candidate for this role, inhibitor of differentiation 1 
(ID1), which was upregulated in LNCaPAPIPC compared with LNCaPshAR/pATK (∼10-fold 

by RNA-seq; q < 0.001; 5-fold byqRT-PCR) (Figure 7A). ID1 expression is induced by 

exogenous FGF and bone morphogenetic protein via MAPK pathway activation (Langenfeld 

and Langenfeld, 2004; Passiatore et al., 2011), prevents differentiation by binding cell 

lineage-specific transcription factors (Perk et al., 2005), and has been associated with poorly 

differentiated PC (Coppe et al., 2004; Sharma et al., 2012). Notably, other ID family 

members were also increased in LNCaPAPIPC and the LuCaP173.2 DNPC PDX (Figure 7B). 
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ID1 levels are significantly higher in DNPC metastases relative to ARPCs (p < 0.005) 

(Figure 7C), and ID1 and AR expression are inversely associated in mCRPC (Pearson 

correlation = −0.39) (Figure 7D).

Stimulation of LNCaPshAR/pATK cells with FGF8 resulted in a 4-fold (p = 0.006) increase in 

ID1 mRNA and protein (Figures 7E and 7F). MEK inhibition reduced FGF8-mediated ID1 
induction by approximately 30% (p = 0.005) (Figure 7E). Although ID1 levels were already 

elevated, stimulation of LNCaPAPIPC with exogenous FGF8 resulted in a further 1.6-fold 

increase (p < 0.001), and treatment with U0126 alone decreased baseline ID1 expression by 

approximately 40% (p = 0.006) (Figure 7E). We also observed a significant upregulation of 

ID1 in response to FGF8 treatment in androgen-sensitive 22Rv1 cells (Figures S7A and 

S7B). The enhanced activity of specific RTKs is associated with ligand-independent 

activation of AR transcription in some models (Gregory et al., 2005; Yang et al., 2003); 

however, we did not observe a change in AR, PSA, or TMPRSS2 expression in response to 

FGF8b stimulation in androgen-deprived LNCaPshAR/pATK, LNCaPAPIPC, or 22Rv1 cells 

(Figures 7G and S7C).

ID1 has been shown to influence PC differentiation and proliferation (Ling et al., 2011; 

Ouyang et al., 2002), and we hypothesized that ID1 could mediate a component of the 

growth-promoting effects of FGF/MAPK activity. In support of this hypothesis, levels of 

ID1–3 transcripts were diminished in the LuCaP173.2 DNPC PDX tumors treated with the 

FGFR inhibitor CH-5183284 (Figure 7H). ID1 knockdown did not significantly affect 

LNCaPshAR/pATK growth compared with a scrambled control siRNA (siUNI). In contrast, 

two independent ID1-targeting siRNAs decreased LNCaPAPIPC growth by 32% (p = 0.003) 

and 43% (p < 0.001) (Figure 7I). When LNCaPshAR/pATK were treated with FGF8, ID1 

knockdown significantly attenuated FGF8-induced proliferation by ∼35% (p < 0.001). The 

effect of ID1 knockdown was enhanced in LNCaPAPIPC with ID1 siRNAs suppressing 

FGF8-induced growth by 39%-50% (p < 0.001) (Figure 7I). These effects were replicated in 

22RV1 cells grown in androgen-deprived conditions (Figure S7D).

DISCUSSION

Therapeutic approaches designed to impair AR activity remain first-line therapy for men 

with metastatic PC. While resistance to AR-directed therapeutics is usually accompanied by 

reactivation of AR signaling, newer drugs with potent AR pathway antagonism appear to be 

shifting the phenotypes of resistant PC to anaplastic and NE carcinomas that are devoid of 

AR activity (Figure 7J). The AR-null/NE-null tumors evaluated in the present study were 

acquired from men after initial responses to AR antagonists, indicating that these agents 

effectively eliminated tumor clones dependent on the AR, but failed to eradicate cell 

populations that no longer required AR signaling. Defining the drivers of these resistant 

carcinomas is critical for the development of effective treatment strategies.

We determined that complete AR pathway independence was associated with elevated 

autocrine FGF signaling in vitro and elevated FGFR and MAPK pathway activity in 

mCRPC. FGF ligands and receptors have previously been shown to influence the 

development and progression of PC (Acevedo et al., 2007; Feng et al., 2015). Of relevance 
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to the present study, a PDX model of PC devoid of AR signaling was shown to express high 

levels of FGF9, which promoted tumor growth, induced an osteoblastic tumor 

microenvironment, and responded to FGF-directed therapy (Li et al., 2008). MAPK 

signaling promotes poorly differentiated tumor growth in models of PC (Mulholland et al., 

2012), and constitutive ERK1/2 activity is associated with castration resistance (Gioeli et al., 

1999; Oka et al., 2005; Rodriguez-Berriguete et al., 2012). While there is evidence 

suggesting that MAPK can stimulate ligand-independent AR activity (Feldman and 

Feldman, 2001), FGF/MAPK signaling did not promote the re-expression of AR-regulated 

genes in our models and FGFR activity was inversely associated with the expression and 

activity of AR in CRPCs. At this time, the mechanism(s) influencing FGF expression in 

LNCaPAPIPC or other DNPCs is not known. As we found no recurrent genomic events 

involving FGFs/FGFRs, other processes capable of influencing FGF transcription, including 

epigenetic regulation, are likely operative. Notably, a small subset of CRPCs exhibiting 

FGFR/MAPK activity did not express high levels of FGF ligands, suggesting that in some 

circumstances paracrine FGF derived from microenvironment constituents may promote 

pathway activity and drive treatment resistance (Lawson et al., 2010).

While AR repression can allow for cellular reprogramming and transdifferentiation to NE 

carcinoma (Ku et al., 2017; Zou et al., 2017), our results indicate that the acquisition of NE 

characteristics may represent a continuum of differentiation from ARPC to DNPC to NEPC, 

although the acquisition of NE characteristics does not appear to be a certainty following AR 

ablation (Figure 7J). Importantly, alternative cell fates may associate with unique therapeutic 

vulnerabilities. Given that NE and anaplastic tumors are more common following sustained 

AR pathway suppression and appear to arise from adenocarcinomas in vivo based on shared 

genomic aberrations (Beltran et al., 2011, 2016), it is quite likely that the incidence of AR 

pathway-independent PCs will increase with the deployment of increasingly potent AR 

inhibition. Whether acute and more complete AR repression will eliminate PCs or 

consistently generate AR-null variants remains to be determined. Early results from an 

ongoing clinical trial (NCT00831792) of the FGFR antagonist dovitinib in men with 

metastatic CRPC unselected for loss of AR activity reported a 26% response rate in bone 

and soft tissue lesions (Wan et al., 2014). Our results suggest that FGFR inhibition may have 

modest effects in AR-active CRPCs, but be particularly active in the subset of CRPCs with 

absent or limited AR function. A clinical trial of FGFR or MAPK antagonists may be 

fruitful in patients stratified by AR activity status. Furthermore, co-targeting of predictable 

AR bypass pathways capable of providing robust cell survival and proliferation signals may 

prolong responses to initial AR antagonism.
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Detailed methods are provided in the online version of this paper and include the following:

• KEY RESOURCES TABLE

• LEAD CONTACT FOR REAGENT AND RESOURCE SHARING

• EXPERIMENTAL MODELS AND SUBJECT DETAILS

– Cell Lines

Bluemn et al. Page 10

Cancer Cell. Author manuscript; available in PMC 2018 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



– Tissue Acquisition
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STAR★METHODS

LEAD CONTACT FOR REAGENT AND RESOURCE SHARING

For further information and requests for reagents may be directed to and will be fulfilled by 

the corresponding author Peter S. Nelson (pnelson@fredhutch.org).

EXPERIMENTAL MODELS AND SUBJECT DETAILS

Cell Lines—All cells were maintained at 37°C in a 5% CO2 incubator. LNCaP (ATCC), 

22RV1 (ATCC), and PacMet-UT1 (gift of D.A. Troyer) prostate cancer cell lines were 

grown in RPMI1640 (Invitrogen) supplemented with 10% FBS (Invitrogen) and 1% 

PenStrep (Invitrogen). NCI-H660 (ATCC) cells were grown in RPMI 1640 supplemented 

with 0.005 mg/ml insulin, 0.01 mg/mL transferrin, 30 nM sodium selenite, 10 nM 

hydrocortisone, 10 nM beta-estradiol, 4 mM L-glutamine, 5% FBS and 1% PenStrep. 

LNCaPshAR (gift of P.S. Rennie) were grown in RPMI1640 + 5%FBS +1% PenStrep + 2.5 

µg/mL Blasticidin (Invitrogen) + 1 µg/ml Puromycin (Invitrogen). LNCaPshAR/pATK (this 

study) were maintained in RPMI1640 + 5% FBS +1% PenStrep + 2.5 µg/mL blasticidin + 1 

µg/ml puromycin + 25 µg/ml Zeocin (Invitrogen). LNCAPAPIPC (this study) were 

maintained in RPMI1640 + 5% CSS (Charcoal Dextran stripped FBS) (Gemini) + 1 % 

PenStrep + 2.5 µg/mL blasticidin + 1 µg/ml puromycin + 25 µg/ml Zeocin + 1 µg/mL 

doxycycline (Clontech). Cell lines were authenticated by STR analysis by DDC Medical 

(Fairfield, OH).
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Tissue Acquisition—Samples were obtained from male patients who died of metastatic 

CRPC and who signed written informed consent for a rapid autopsy performed within 8 

hours of death, under the aegis of the Prostate Cancer Donor Program at the University of 

Washington. The Institutional Review Boards of the University of Washington and of the 

Fred Hutchinson Cancer Research Center approved this study. LuCaP xenograft lines were 

established from specimens acquired at either radical prostatectomy or at autopsy, 

implanted, and maintained by serial passage in intact immune compromised male mice.

CRPC was assessed using immunohistochemical analysis to determine the distribution of 

adenocarcinoma (AR+), double-negative (AR−/NE−), and neuroendocrine (AR−/NE+) in 

these metastasis. Sites of metastases were ascribed a score between 0–200 for AR and SYP 

positivity. Any score <20 was categorized as negative to categorize each site.

LNCaPAPIPC Xenograft Mouse Models—NOD-scid IL2Rgammanull mice were 

purchased from the FHCRC animal facility. LNCaPAPIPC cells were resuspended 1:1 in 

Matrigel (BD Biosciences) to a final concentration of 5×106 cells/ml and 100 µl of cells 

were injected subcutaneously into the flank of castrated male mice. Xenografts were 

measured with digital calipers every 2 days and tumor volume was calculated using the 

formula (π/6)(LxW2), where L is the length of the tumor and W its width. Animals 

implanted with LNCaPAPIPC xenografts were maintained on a diet supplemented with 

doxycycline (200 mg/Kg, Harlan). When tumors reached a total volume of 200 mm3 animals 

were enrolled into treatment arms consisting of PD173074 given at 50 mg/Kg/day by oral 

gavage five times per week or control vehicle 99% PBS with 1% DMSO used to dissolve 

PD173074. Each treatment group was composed of 8 animals. Animals were sacrificed 

when tumors reached a volume of 1500 mm3. All xenografts experiments were approved by 

the Fred Hutchinson Institutional Animal Care and Use Committee (File#1671).

PDX Mouse Models—The LuCaP 173.2 patient-derived xenograft (PDX) line is from a 

rib metastasis obtained at time of death from a patient with CRPC and implanted into 6 

week old immunocompromised male mice. CB-17 SCID mice (Charles River) were 

implanted subcutaneously with LuCaP 173.2 tumor tissue. Animals underwent rolling 

enrollment once tumors reached 100 mm3 and were randomized into one of two groups 

(Control vs. Treatment). The FGFR inhibitor CH5183284 (Debio-1347) (Selleck chem) was 

dissolved in 100% DMSO and a 10-fold concentration of dosing solution was prepared. 

Then an equal volume of Cremophor EL was added to DMSO solution (5-fold concentration 

of dosing solution in 50 vol% DMSO/50 vol% Cr-EL). This solution was divided into daily 

usage amounts and stored at 4°C until each dosing day. For dosing, the stock solution was 

diluted with diluent (18.8 vol% PEG400 / 18.8% HPCD in distilled water) by 5-fold 

concentration on each day. The final concentration of vehicle was 10 vol% DMSO/10 vol% 

Cr-EL/15 vol% PEG 400/15% HPCD in distilled water as per Nakanishi et al., 2014. LuCaP 

173.2 tumor bearing animals received either vehicle (Control), while treated animals 

(Treatment) received 80 mg/kg CH5183284 4 days a week for 3.5 weeks via oral gavage. 

Note, 6 animals in the treated group received 100 mg/kg CH5183284 for 5 days/daily for 

one week before switching over to 80 mg/kg CH5183284 4 days a week due to loss of body 

weight. Tumor volumes (TV) were measured using digital calipers (calculated as (π/6)
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(LxW2)) and body weights (BW) were measured twice weekly. Animals were euthanized 

after 3.5 weeks, when tumors exceeded 1,000 mm3, or when animals became otherwise 

compromised. The tumors were then divided equally into paraffin blocks with the remainder 

flash frozen for subsequent sequencing analysis. All PDX experiments were approved by the 

University of Washington Institutional Animal Care and Use Committee (File #2110-03).

METHOD DETAILS

Cell Culture—LNCaPshAR cells stably transfected with a tetracycline-inducible anti-AR 

shRNA, as previously described (Cheng et al., 2006), were obtained as a gift from Dr. Paul 

S. Rennie. These cells were further modified via Lipofectamine 2000 (Invitrogen) 

transfection of a plasmid encoding a triple-probasin-driven herpes thymidine kinase (HSV-

TK) and a Zeocin resistance cassette. A clonal population of this cell line derived from 

Zeocin (Invitrogen) selection and serial dilution in a 96-well plate, which we refer to as 

LNCaPshAR/pATK, was subjected to total AR pathways suppression (TAPS): for two weeks 

the cells were grown in RPMI1640+5%CSS; at week 3, media was supplemented with 1 

mg/mL doxycycline. Media was changed every 3–4 days and LNCaPshAR/pATK was 

maintained under TAPS for five months. A surviving colony of proliferating cells emerged. 

Following a 3-month expansion, this population of cells was treated with 50 µM ganciclovir 

(GCV; InvivoGen) for two weeks to eliminate any cells still robustly expressing an AR 

transcriptional program. We referred to the surviving population as LNCaPAPIPC.

Migration and Invasion Assays—Migration and invasion assays were performed as per 

protocol in Cultrex 96-well cell invasion/migration transwell plates (R&D Systems). 

RPMI1640+/−10%FBS was added to the lower chamber and 100,000 cells suspended in 

serum-free RPMI1640 were added to the top chamber. For invasion assays, membranes were 

coated with 0.2x BME. Fluorescence was measured on a BioTek Synergy2 multiwell plate 

reader and normalized to LNCaPshAR/pATK RPMI1640 serum-free control.

Cell Growth Assays—Cell growth was assayed by plating 5000 cells per well in a TC-

treated 96-well black-sided, clear bottom plate (Corning). Media was changed every 48 

hours and plates were collected at the reported timepoints and stored at −80°C. Plates for 

each experiment were assayed in batches using Cyquant (Invitrogen) to estimate cell 

viability as per manufacturer’s protocol. Cells were treated with FGF8b (25 ng/mL; 

eBioscience) or PD173074 (1 µM; Tocris) or U0126 (25 µM). Additionally, cells were 

treated with doxycycline (1 mg/mL) and enzalutamide (5 µM) which was received as a gift 

from Medivation Inc.

Cells were plated as above and allowed to adhere for 24 hours then treated with various 

concentrations (as indicated in the figures) of CH-5183284 for 72 hours and assayed for 

apoptosis and viability using ApoLive Glo (Promega) following the manufactures 

instructions.

Conditioned Media—Serum-free phenol red-free Optimem (Invitrogen) was added to 

80% confluent LNCaPAPIPC and LNCaPshAR/pATK cultured in a tissue culture-treated T75 

flask (Corning). Twenty-four hours later, media was collected and centrifuged for 5 minutes 
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at 5000 RPM to pellet cellular debris. The supernatant was added to an Amnicon Ultracel 

3K centrifugal filter (Millipore) and concentrated as per manufacturer’s instructions.

siRNA Transfection—Cells were plated at 5000 cells/well in a 96-well plate in 100 µl of 

phenol red-free Optimem supplemented with either 3% FBS or 3% CSS +1% PenStrep. 

Twenty-four hours after cell plating, cells were transfected with siRNA (Sigma) using 

RNAiMax lipofectamine reagent (Life Technologies) in 20 µl total volume. Cell viability 

was estimated 96 hours after transfection by adding Cell Titer-Glo (Promega) and measuring 

luminescence (RLUs) as per protocol on a BioTek Synergy2 multiwell plate reader. 

Luminescence measurements from wells transfected with an equimolar pool of 3xKif11 

siRNAs was used to estimate transfection efficiency. Trans-fections performed in 6-well 

plates for RNA collection used scaled-up conditions from 96-well experiments, and cells 

were harvested 24 hours after transfection as described below. siRNA sequences can be 

found in the Key Resource Table.

RNA Collection and Quantitative Real-Time PCR—Cell culture total RNA was 

isolated from 6-well plates using an RNEasy kit (Qiagen) as per protocol. qRT-PCR 

reactions were performed in triplicate using an Applied Biosystems 7900 sequence detector 

with SYBR Green PCR master mix (Invitrogen). Primers were designed using PrimerQuest 

(IDT, and all reactions were normalized to the expression of the housekeeping gene 

RPL13A. A water negative control did not produce significant amplification product. PCR 

primer sequences can be found in the Table S1. Statistical analysis was performed using an 

unpaired two-sided Student’s T-test to determine significance.

Protein Collection and Immunoblotting—Protein was collected from tissue culture by 

lysing adherent cells with a cell lysis buffer (1.5 M Urea, 1% SDS, 1% NP-40, 2% Tween20, 

250 nM NaCl, PBS) supplemented with 1x phosphatase inhibitors (PhosStop, Roche 

Diagnostics) and a 1x protease inhibitor cocktail (Complete Mini, Roche Diagnostics). 

Protein was quantified per protocol using a bicinchoninic acid assay (Thermo Scientific). 

Normalized cell lysates were loaded onto a 12% NuPAGE Bis-Tris gel (Invitrogen) in MES 

buffer. Protein was transferred to nitrocellulose membranes using a semi-dry transfer 

apparatus and Tris/CAPS buffer. Immunoblots were probed with primary antibodies 

targeting AKT (Cell Signaling), phospho-AKT (Ser473; Cell Signaling), AR (Santa Cruz), 

Erk1/2 (Sigma), diphosphorylated-Erk1/2 (Sigma), FGF8b (R&D Systems), ID1 (Biocheck, 

Inc.), MEK1/2 (Sigma), phospho-MEK1 (Ser298; Upstate), or PSA (Dako). Horseradish-

peroxidase conjugated secondary antibodies (Thermo Scientific) were used in conjugation 

with Supersignal West Pico Chemiluminescent substrate (Thermo Scientific) to visualize 

protein targets. Membranes were then stripped for 15 minutes in Stripping Buffer (Thermo 

Scientific) and re-probed with anti-Actin antibody (Santa Cruz Biotechnology) as a loading 

control.

Immunohistochemistry—PC metastases and xenograft tissues were fixed in buffered 

formalin (bone metastases were decalcified in 10% formic acid) and embedded in paraffin. 

Tissue microarrays (TMAs) were constructed using duplicate 1 mm diameter cores from 

these tissues. Five-micron thick sections of the TMAs were deparaffinized and rehydrated in 
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sequential xylene and graded ethanol. Antigen retrieval was performed in 10 mM citrate 

buffer (pH 6.0) in a pressure cooker. Endogenous peroxidase and avidin/biotin were blocked 

respectively (Vector Laboratories Inc.). Sections were then incubated with 5% normal goat-

horse-chicken serum, incubated with the following primary antibody dilutions: anti-

Androgen Receptor (Biogenex) 1:60, anti-Prostate-specific Antigen (Dako) 1:1000, anti-

Chromogranin A (Dako) 1:100, anti-Synaptophysin (Santa Cruz) 1:200 and anti-human 

cytokeratin (Dako) 1:100. They were subsequently incubated with biotinylated secondary 

antibody (Vector Laboratories Inc.), followed by ABC reagent (Vector Laboratories Inc.), 

and stable DAB (Invitrogen Corp.). All sections were lightly counterstained with 

hematoxylin and mounted with Cytoseal XYL (Richard Allan Scientific). Mouse or rabbit 

IgG were used as negative controls.

AR CRISPR-Cas9 Editing—To create the sgRNA targeting exon 1 of AR, an sgRNA 

protospacer of CTCCGGACCTTACGGGGACATG was cloned in to the ESP3I enzyme 

(Thermo Fisher) sites of the lentivirus expression vector lentiCRISPRv2 (Addgene Plasmid 

#52961) using annealed oligos and AR_Exon1_sgRNA+: 

caccgCTCCGGACCTTACGGGGACATG and AR_Exon1_sgRNA-: 

aaacCATGTCCCCGTAAGGTCCGGAGc. To confirm on-target cutting, cells were 

transfected with lentiCRISPRv2:AR-sgRNA or GFP control using lipofectamine 2000 

(Thermo Fisher) according to manufacturer’s recommendation. After five days of selection 

with 1.5 µg/mL puromycin, genomic DNA was isolated using the DNeasy Blood & Tissue 

Kit (Qiagen) and amplified using Phusion High-Fidelity DNA Polymerase (New England 

Biolabs) and primers: AR-fwd CGACTTCACCGCACCTGATG and AR-rev 

AGGGCACGCAGCAGAAATTAG. On target CRISPR cutting was confirmed using T7 

endonuclease I (New England Biolabs) heteroduplex cleavage assay to measure insertion/

deletions, introduced via NHEJ-mediated double strand break repair of CRISPR activity.

PacMetUT1 cells were seeded in 10 cm dishes and transfected with lentiCRISPRv2:AR-

sgRNA using lipofectamine 2000 (Thermo Fisher) according to manufacturer’s protocols 

and recommendations. Cells were supplemented with 25 ng/mL FGF8b (R&D Systems) or 

PBS + 0.1% human BSA solvent control during five days of selection with 1.5 µg/mL 

puromycin. The surviving cells were replaced with fresh medium (RPMI 1640 10% FBS 

with or without FGF8b) and allowed to grow into colonies. Medium was changed once a 

week and FGF8b was replenished every three days. Approximately 5 weeks later, colonies 

were isolated from both FGF8b and PBS/BSA supplemented cells and allowed to expand for 

further analyses. Two colonies from cells treated with FGF8b were confirmed to be AR-

negative by Western blot (GeneTex). These two colonies were referred to as the AR-null #1 

and AR-null #2 sublines.

Transcript Profiling Methods—Cell line RNA was extracted using the Qiagen RNeasy 

Kit, (Qiagen Inc.), according to the manufacturer’s protocol. On-column DNase digestion 

was performed. CRPC metastases RNA samples were prepared by reviewing a H&E of the 

frozen tissue block, followed by scoring the block with a razor so as to have as pure as 

possible sections of tumor. Cores were obtained from each of the bone metastases frozen 

tissue blocks that had been previously identified based upon review of H&E sections from 

Bluemn et al. Page 15

Cancer Cell. Author manuscript; available in PMC 2018 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



corresponding paraffin embedded blocks; adjacent areas of tumor were cored out of the 

frozen tissue blocks using a 2 mm diameter tissue punch in a −20 °C cryostat. Cores were 

homogenized in gentleMACS M Tubes (Miltenyi Biotec). Tissues were then isolated with 

RNA STAT-60 (Tel-Test). RNA concentration, purity, and integrity was assessed by 

NanoDrop (Thermo Fisher) and Agilent Bioanalyzer. Cell line RNA-seq libraries were 

constructed from 1 µg total RNA using the Illumina TruSeq RNA Library Prep Kit v2 

according to the manufacturer’s protocol. CRPC Metastases RNA-seq libraries were 

constructed from 1 µg total RNA using the Illumina TruSeq Stranded mRNA Library Prep 

Kit according to the manufacturer’s protocol. Barcoded libraries were pooled and sequenced 

on the Illumina HiSeq 2500 generating 50 bp paired end reads. Sequencing reads were 

mapped to the hg19 human genome using TopHat v2.1.0. Gene level abundance was 

quantitated from the filtered human alignments in R using the Genomic Alignments v1.0.1 

Bioconductor package.

QUANTIFICATION AND STATISTICAL ANALYSIS

Student’s T-test was used to comparable significance between grouped quantitative data sets 

using GraphPad Prism 7.0 software. Differences were considered significant if p≤ 0.05. 

Differences in tumor volume (TV) between control and treated animals were calculated 

using unpaired t-tests with unequal variances, with significance set at p≤ 0.05.

Differential expression was assessed using transcript abundances as inputs to the edgeR 

v3.16.5 Bioconductor package in R. FDR and fold-change thresholds for significance are 

listed in the figure legends.

Unsupervised clustering of cell line expression profiles was performed in R on the 1000 

most variable genes (calculated as the inter-quartile range of the log2 transcripts per million 

reads) using Euclidean distance and average-linkage. Clusters were visualized using the ape 

v4.1 Cran package.

The gene expression signature activity scores were calculated in R using the GSVA v1.24.0 

Bioconductor package, using log2 transcripts per million reads as input. Pearson’s 

correlation coefficient was used to study the relationships between variables shown in 

scatterplots using the cor.test function in R. The scatterplot3d v0.3–40 Cran package was 

used to plot three dimensional scatterplots.

Gene expression group comparisons were ranked by edgeR statistics and used to conduct 

Gene Set Enrichment Analysis using the GSEAv2.2.4 software to determine patterns of 

pathway activation in different phenotypic groups. We used the curated pathways and gene 

sets within MSigDBv6.0.

Genome-wide comparisons of copy number between DNPC and ARPC groups was 

performed using two-tailed fisher’s exact tests using the fisher.test function in R. Proportions 

of tumors with somatic copy number alterations were compared, including high (greater than 

1 copy) gain or homozygous loss.
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DATA AND SOFTWARE AVAILABILITY

The RNA sequencing data has been deposited at the Gene Expression Omnibus (GEO) site: 

https://www.ncbi.nlm.nih.gov/geo/ under accession number GSE99381.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• The frequency of double-negative (AR-null; NE-null) prostate cancer is 

increasing

• FGF and MAPK pathways are active in AR-null prostate cancer

• Autocrine and paracrine FGF pathway activation can bypass AR dependence

• Targeting the FGF and MAPK pathways can repress AR-null prostate cancer
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Significance

Targeting AR signaling in metastatic PC commonly produces robust clinical responses. 

However, disease progression is nearly universal. Potent AR antagonists appear to be 

shifting the phenotypes of resistant PCs to tumors that are devoid of AR activity, but the 

drivers of these resistant carcinomas are not known. Here we report that autocrine and 

paracrine FGF signaling is capable of bypassing a requirement for AR, and find that FGF 

and MAPK pathways are active in metastatic AR-null PCs. Suppressing FGF and MAPK 

inhibits the growth of AR-null PC indicating that targeting the FGF axis may represent a 

therapeutic approach for those cancers resistant to AR-directed therapies and may 

circumvent treatment resistance if combined with initial AR pathway blockade.
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Figure 1. Molecular Features of AR-Null Neuroendocrine-Null Prostate Cancer
(A) The frequency of AR-active prostate cancers (ARPC), neuroendocrine prostate cancers 

(NEPC), and double-negative AR-null/neuroendocrine-null prostate cancers (DNPC) in men 

with metastatic CRPC evaluated in consecutive tissue acquisition necropsies from 1998 to 

2016. Numbers of tumors and patients in each cohort is shown.

(B) Representative immunohistochemical stains for AR, PSA, synaptophysin and 

chromogranin used to classify metastases as ARPC, NEPC, or DNPC. Scale bars, 20 µm.

(C) RNA sequencing-based measurements of transcripts comprising AR-regulated genes and 

neuroendocrine phenotype-associated genes in metastatic tumors from men with CRPC. 
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Signature scores are shown above each gene set. Expression profile of one representative 

tumor per patient is shown, (AR+/NE−, n = 35; AR−/NE+, n = 4; AR−/NE−, n = 5.)

(D) Differentially expressed genes in ARPC compared with DNPC (5-fold difference; q 

value <0.0001). Transcript abundance was determined by RNA sequencing and analyzed for 

differential expression using the Bioconductor edgeR software (ARPC, n = 58 tumors from 

35 men; DNPC, n = 9 tumors from 5 men).

(E) The frequency of recurrent genomic aberrations in the CRPC subtypes of AR+/NE− 

(ARPC), AR−/NE+ (NEPC), and AR−/NE− (DNPC) determined by aCGH and exome 

sequencing. Status of individual tumors and percentage altered in each group is shown, with 

numbers of patients (P) and tumors (T) below the plot.

(F) Frequency of copy-number alterations (CNAs) determined by genome-wide array CGH. 

Copy-number gains and losses in ARPC (blue), DNPC (red), and shared (purple). Three 

genes (HNMT, GPR87, and STARD5) were significant by two-tailed Fisher’s exact tests 

comparing the proportion of high copy gains or homozygous losses between the groups (p < 

0.05) and also exhibited concordant differential mRNA expression by two-sample t test (p < 

0.05). (DNPC, n = 8 tumors from 8 individuals; ARPC, n = 118 tumors from 52 

individuals).

See also Figure S1.
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Figure 2. Characterization of a Model of AR Program-Independent Prostate Cancer
(A) LNCaP cells with a doxycycline (Dox)-inducible shRNA targeting the AR (shAR) and 

an androgen-driven thymidine kinase gene (pATK) were starved of androgens (ADT) and 

treated with Dox to induce the AR-directed shRNA, then treated with ganciclovir to 

eliminate cells with AR-driven thymidine kinase expression. Scale bars, 10 µm.

(B) qRT-PCR analysis of AR and PSA expression in LNCaPshAR/pATK and LNCaPAPIPC 

with 1 nM R1881 or 1 µg/mL Dox treatment. Significance was determined by Student’s t 

test and data are presented as mean ± SEM (n = 4 replicates per data point); **p < 0.01.
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(C) AR and PSA immunoblots of cell lysates from LNCaPshAR/pATK and LNCaPAPIPC 

cultured in androgen-deprived conditions and treated with or without R1881 and with or 

without Dox.

(D) Quantitation of AR-regulated transcripts following treatment with the synthetic 

androgen R1881 (+) in parental LNCaPshAR/pATK and LNCaPAPIPC cells. Measurements 

were made by RNA sequencing (n = 2 biological replicates per group).

(E) Immunohistochemical analysis of AR, PSA, CHGA, and SYP in parental 

LNCaPshAR/pATK and LNCaPAPIPC xenografts. Cx, castration; Dox, doxycycline. Scale bars, 

10 µm.

(F) Expression of neuroendocrine-associated transcripts in the NEPC LuCaP49 PDX model, 

NEPC NCI-H660 cell line, and LNCaPAPIPC cells. Measurements were made by RNA 

sequencing (RNA-seq) (n = 2 biological replicates of LNCaPAPIPC cells, 1 each of LuCaP49 

and NCI-H660).

(G) LNCaPAPIPC grown in androgen- and AR-depleted conditions were treated with vehicle 

(DMSO) or 5 µM enzalutamide (ENZ). Growth was compared with parental 

LNCaPshAR/pATK cells in charcoal stripped serum (CSS), fetal bovine serum (FBS), or FBS 

+ 1 µg/mL Dox ± ENZ. Solid lines, with DMSO vehicle; dotted lines, with ENZ. All values 

are normalized to day 0. Data are presented as mean ± SEM (n = 5 per data point).

(H and I) Transwell migration (H) and invasion assays (I) of LNCaPshAR/pATK and 

LNCaPAPIPC at baseline (no FBS gradient) and in response to a serum (FBS) gradient. 

Significance was determined using Student’s t test and data are presented as mean ± SEM (n 

= 4).

See also Figure S2.
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Figure 3. Assessments of AKT, MAPK, and FGF Pathway Activity in the LNCaPAPIPC Model of 
DNPC
(A) Genome-wide assessment of transcripts differentially expressed between 

LNCaPshAR/pATK and LNCaPAPIPC cells as measured by RNA-seq. Shown are 548 genes 

with q values of <0.001 and fold changes of ≥10 (n = 2 biological replicates per group).

(B) Measurements of luminal and basal cell gene expression in LNCaPAPIPC cells. Relative 

ratios of RNA-seq transcript abundances are shown, along with mean FPKM (fragments per 

kilobase of transcript per million mapped reads) values (n = 2 biological replicates per 

group).

Bluemn et al. Page 28

Cancer Cell. Author manuscript; available in PMC 2018 October 09.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(C) Unsupervised cluster analysis of gene expression profiles across prostate cancer cell 

lines associates LNCaPAPIPC cells with LNCaP cells and sublines. One replicate of each cell 

line used to cluster RNA-seq profiles of the top 1,000 most variable genes.

(D) Expression of nuclear hormone receptors determined by RNA-seq of LNCaPshAR/pATK 

and LNCaPAPIPC cells. Relative ratios of RNA-seq transcript abundances are shown, along 

with mean FPKM values. Two independent biological replicates were sequenced.

(E) PI3K pathway signaling was assessed by probing LNCaPAPIPC and LNCaPshAR/pATK 

cell lysates with antibodies to AKT and phosphorylated AKT.

(F) MAPK pathway signaling was assessed by probing LNCaPAPIPC and LNCaPshAR/pATK 

cell lysates with antibodies to MEK, phosphorylated MEK, ERK1/2, and dually 

phosphorylated ERK1/2.

(G) Levels of transcripts encoding FGFs were assessed in LNCaPshAR/pATK and 

LNCaPAPIPC cells by RNA-seq with or without R1881 androgen treatment. Two replicates 

of each line and treatment were measured, and fold difference between LNCaPshAR/pATK 

and LNCaPAPIPC cells is shown for FGF8 and FGF21.

(H) Transcript levels of FGF8 mRNAs were measured by qRT-PCR in LNCaPshAR/pATK and 

LNCaPAPIPC. Significance was determined by Student’s t test and data are presented as 

mean ± SEM (n = 3 replicates per data point). ***p < 0.00001.

(I) qRT-PCR reaction products, visualized by agarose gel electrophoresis, confirms single-

band amplification by each isoform-specific primer pair.

(J) Assessment of FGF8b protein in conditioned medium (CM) from LNCaPshAR/pATK and 

LNCaPAPIPC by immunoblotting with an FGF8b–specific antibody.

(K) Expression of genes associated with FGFR pathway activity measured by RNA-seq of 

LNCaPshAR/pATK and LNCaPAPIPC cells. Two independent biological replicates were 

sequenced.

See also Figures S3 and S4.
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Figure 4. Assessments of FGF and MAPK Activity in Metastatic CRPC
(A) Analyses of transcripts differentially expressed between LNCaPshAR/pATK and 

LNCaPAPIPC in DNPC and ARPC metastases (FDR < 0.001, pre-ranked GSEA).

(B) GSEA demonstrates significant positive associations with FGF, MAPK, MEK/ERK, and 

EMT pathways and negative enrichment for AR response in DNPC metastases (***FDR < 

0.0005, **FDR < 0.005, *FDR < 0.05, pre-ranked GSEA).

(C) Expression of FGF ligands, FGF receptors, and genes comprising an MEK/ERK activity 

signature. Relative ratios of RNA-seq transcript abundances are shown, along with mean 
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FPKM values and signature scores (AR+/NE−, n = 58 tumors from 35 men; AR−/NE−, n = 9 

tumors from 5 men).

(D) Plot of CRPC metastasis triangulated by the highest transcript level of FGF1, 8, or 9 (x 

axis), MEK/ERK pathway activity score or FGFR pathway activity score (y axis), and 

highest transcript level of FGFR1, 2, or 3 (z axis). Lines anchor MEK/ERK activity to 

lowest level to assist in visualizing activity on the y axis. A linear regression analysis of 

pathway score versus ligands and receptors is plotted as a plane (AR+/NE−, n = 58 tumors 

from 35 men; AR−/NE−, n = 9 tumors from 5 men).

(E) Correlation of FGF8 and FGF9 transcript levels and FGFR pathway activity and AR 

activity scores assessed in 85 CRPC metastases from 50 men by RNA-seq. Pearson’s 

correlation coefficient and p value are indicated on each plot.
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Figure 5. FGF Pathway and MAPK Activity in Cell Line and PDX Models of DNPC
(A) Quantitation of the indicated transcripts by qRT-PCR in parental PacMet-UT1 cells and 

two independent PacMet-UT1 clones propagated after CRISPR/Cas9-mediated AR deletion.

(B) Western immunoblot of AR protein in the indicated cell lines.

(C) Quantitation of the indicated transcripts by qRT-PCR in the indicated cell lines. ***p < 

0.0001. N.S., not significant.

(D) Expression of genes reflecting the activity of AR, neuroendocrine (NE), FGFR, and 

MAPK signaling in parental PacMet-UT1 cells and AR-null sublines. Measurements were 

derived from RNA-seq (n = 2 biological replicates per group).
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(E) Cytokeratin, AR, PSA, and synaptophysin IHC in two independent rib metastases 

obtained from a patient with mCRPC. Scale bars, 20 µm.

(F) AR, PSA, synaptophysin, and chromogranin IHC in the LuCaP173.2 PDX model 

derived from rib metastasis core 2 (E) with comparisons with the AR-positive LuCaP35 

PDX line. Scale bars, 20 µm.

(G) Expression of genes comprising the AR program, neuroendocrine (NE) program, and 

FGFR program in AR-positive castration-sensitive and castration-resistant (CR) PDX 

models (LuCaP23.1, LuCaP35, LuCaP78, and LuCaP96) and the AR-null, NE-null 

LuCaP173.2 PDX line. Measurements were derived from RNA-seq (n = one tumor from 

each LuCaP line.).

For (A) and (C), significance was determined by Student’s t test and data are presented as 

mean ± SEM (n = 3 replicates per data point). See also Figure S5.
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Figure 6. FGF Activates MAPK Signaling and Bypasses a Requirement for AR Activity in 
Promoting Prostate Cancer Growth
(A) Quantitation of cell viability and gene expression 96 hr after transfecting LNCaPAPIPC 

cells with siRNA pools specific for the indicated target.

(B) LNCaPshAR/pATK were cultured for 4 daysin androgen-depleted medium and treated 

with 25ng/mL FGF8b, CM from LNCaPshAR/pATK, or LNCaPAPIPC cells. Cell number was 

determined using Cyquant.

(C) LNCaPshAR/pATK and LNCaPAPIPC were treated with 1 µM PD173074 or vehicle and 25 

ng/mL FGF8 or vehicle and cell lysates were evaluated for MAPK signaling via 

immunoblotting for ppERK1/2.
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(D) LNCaPshAR/pATK and LNCaPAPIPC were cultured in androgen-deprived conditions and 

treated with ±25 ng/mL FGF8b and ±1 µM PD173074. N.S., not significant. Dashed line 

indicates unstimulated LNCaPshAR/pATK (n = 3 replicates per data point).

(E) LNCaPshAR/pATK cells were cultured in androgen-depleted medium ±25 ng/mL FGF8, 

±1 µM PD173074, and ±1 µg/mL Dox. Solid lines, no Dox; dotted lines, with Dox. Cell 

number was determined using Cyquant, and values were normalized to day 0.

(F and G) LNCaP and LNCaPAPIPC were treated with the indicated concentrations of 

CH-5183284, and cell viability (F) and apoptosis (G) were measured after 72 hr by ApoLive 

Glo (n = 3 replicates per data point). ***p < 0.001.

(H) PacMet-UT1 cells and AR-null derivatives were treated with 10 µM CH-5183284, and 

cell viability was determined by CellTiter Glo after 72 hr.

(I) LNCaPshAR/pATK and LNCaPAPIPC cultured in androgen-depleted conditions were 

treated with FGF8b or vehicle with or without 25 µM U0126 or vehicle. Cell number was 

determined using Cyquant.

(J) LNCaPAPIPC cells were inoculated subcutaneously in castrate SCID mice receiving Dox-

supplemented feed. When tumors reached 200 mm3 in size, treatment was initiated with the 

FGFR antagonist PD173074 or vehicle control. Tumor volumes were measured every 2 days 

(n = 5). *p < 0.01.

(K) LuCaP173.2 tumors were implanted subcutaneously in castrate SCID mice. When 

tumors reached 200 mm3 in size, treatment was initiated with the FGFR antagonist 

CH-5183284 or vehicle control. Tumor volumes were measured every 2 days (n = 15). *p < 

0.01.

(L) Quantitation of FGFR and MEK/ERK pathway gene expression in LuCaP173.2 tumors 

treated with vehicle or CH-5183284 sampled 3 days or 24 days after the initiation of 

treatment. Transcripts were quantitated by RNA-seq of two independent tumors. 

Significance was determined by Student’s t test and data are presented as mean ± SEM.

For (A), (B), and (D) to (I), n = 3 replicates per data point. See also Figure S6.
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Figure 7. FGF8 Induces ID1 Expression and Castration-Resistant Growth via MAPK Pathway 
Activation
(A) Transcript levels of ID1-4 in LNCaPshAR/pATK and LNCaPAPIPC cells determined by 

RNA-seq in two independent cultures. Fold differences of gene expression levels between 

LNCaPshAR/pATK and LNCaPAPIPC cells are shown.

(B) Expression of ID1-4 in AR-positive castration-sensitive and castration-resistant (CR) 

PDX models (LuCaP23.1, LuCaP35, LuCaP78, and LuCaP96) and the AR-null, NE-null 

LuCaP173.2 PDX line. Measurements were derived from RNA-seq (n = one tumor from 

each LuCaP line). Fold differences of gene expression between AR-positive and AR-

negative groups are shown.
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(C) Transcript levels of ID1 in AR+/NE− and AR−/NE− CRPC metastases determined by 

RNA-seq transcript quantitation. Log2 counts per million (CPM) mapped reads with mean ± 

SD are plotted. Groups were compared by unpaired, two-tailed t test (AR+/NE−, n = 58 

tumors from 35 men; AR−/NE−, n = 9 tumors from 5 men).

(D) Association of ID1 and AR transcripts in CRPC metastases. Each data point represents 

an individual metastasis (n = 85 tumors from 50 men). Transcript levels were quantitated by 

RNA-seq. Pearson’s correlation coefficient r = −0.39; p < 0.001.

(E) ID1 transcripts quantitated by qRT-PCR in LNCaPshAR/pATK and LNCaPAPIPC treated 

with 25 ng/mL FGF8 or vehicle and the MEK inhibitor U0126 or vehicle. qRT-PCR values 

were normalized to RPL13a expression, and compared with unstimulated LNCaPshAR/pATK.

(F) Immunoblot of cell lysates collected from LNCaPshAR/pATK and LNCaPAPIPC treated 

with 25 ng/mL FGF8 or vehicle probed with anti-ID1 antibody.

(G) LNCaPshAR/pATK and LNCaPAPIPC were cultured under androgen-depleted conditions 

and treated with vehicle (PBS) or 25 ng/mL FGF8. ID1, AR, PSA, and TMPRSS2 
transcripts were quantitated by qRT-PCR, normalized to RPL13a expression, and compared 

with unstimulated LNCaPshAR/pATK.

(H) Quantitation of ID1-4 in LuCaP173.2 tumors treated with vehicle or CH-5183284 

sampled 3 days or 24 days after the initiation of treatment. Transcripts were quantitated by 

RNA-seq of two independent tumors.

(I) LNCaPshAR/pATK and LNCaPAPIPC were cultured in androgen-depleted medium and 

transfected with siRNA specific for target genes. Cells were treated with 25 ng/mL FGF8 or 

vehicle. siUNI, non-targeting control siRNA; Kif11, equimolar mixture of three siRNAs 

targeting Kif11 and a positive control for transfection efficiency; ID1 #1 and ID1 #2 are 

siRNAs targeting ID1. Relative cellular number was measured with the Cell Titer Glo 

luminescence assay.

(J) Schematic depicting the cellular differentiation states and underlying molecular drivers of 

cell survival and growth following AR pathway-directed therapy.

ADT, androgen deprivation therapy; ABI, abiraterone; ENZ, enzalutamide; CR-ARPC, 

castration-resistant AR program active PC; CR-NEPC, castration-resistant NE program 

active PC; CR-DNPC, castration-resistant PC without AR or NE program activity.

For (E), (G), and (I), significance was determined by Student’s t test and data are presented 

as mean ± SEM (n = 3–5 replicates per data point). See also Figure S7.
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