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Abstract

Background: Many systemic therapies for advanced prostate cancer work by disrupting 

androgen receptor signaling. Androgen indifferent prostate cancer (AIPC) variants, including 

aggressive variant prostate cancer (AVPC), neuroendocrine prostate cancer (NEPC), and double 

negative prostate cancer (DNPC), are increasingly common and often overlapping resistance 

phenotypes following treatment with androgen receptor signaling inhibitors in men with metastatic 

castration-resistant prostate cancer and are associated with poor outcomes. Understanding the 

underlying biology and identifying effective therapies for AIPC is paramount for improving 

survival for men with prostate cancer.

Methods: In this review, we summarize the current knowledge on AIPC variants, including 

our current understanding of the clinical, morphologic, and molecular features as well as current 

therapeutic approaches. We also explore emerging therapies and biomarkers aimed at improving 

outcomes for men with AIPC.

Results and Conclusions: Establishing consensus definitions, developing novel biomarkers 

for early and accurate detection, further characterization of molecular drivers of each phenotype, 

and developing effective therapies will be critical to improving outcomes for men with AIPC. 

Significant progress has been made towards defining the clinical and molecular characteristics 

of AVPC, NEPC, and DNPC. Novel diagnostic approaches, including cell-free DNA, circulating 

tumor cells, and molecular imaging are promising tools for detecting AIPC in clinical practice. 

Building on previous treatment advances, several clinical trials are underway evaluating novel 

therapeutic approaches in patients with AIPC informed by an understanding of variant-specific 

biology. In this review, we discuss how these recent and ongoing studies will help to improve 

diagnosis, prognosis, and therapy for men with AIPC.
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INTRODUCTION

Prostate cancer is characterized by significant clinical and biological heterogeneity. Many 

men experience an indolent disease course with long-term survival following prolonged 

responses to treatment, while others quickly develop aggressive resistant disease. As 

prostate cancer is primarily driven by androgen receptor (AR) signaling, several FDA

approved systemic therapies for advanced disease disrupt this pathway through a variety 

of mechanisms including ligand depletion with androgen deprivation therapy (ADT) or 

CYP-17 inhibitors, or direct inhibition of the AR ligand binding domain with second

generation anti-androgens. However, resistance invariably emerges with a growing subset 

exhibiting androgen indifferent biology, which displays a particularly aggressive and lethal 

disease course that progresses rapidly despite treatment with potent androgen signaling 

inhibitors (ASIs). Effective treatments are lacking for patients who develop androgen 

indifferent prostate cancer (AIPC).

This review of androgen indifferent variants of metastatic castrate-resistant prostate cancer 

(mCRPC) summarizes our current understanding of the clinical, morphologic, and molecular 

features as well as current therapeutic approaches. We also explore emerging therapies and 

biomarkers aimed at improving outcomes for patients with AIPC.

DEFINING CHARACTERISTICS OF AIPC VARIANTS

Histological Variants of Prostate Cancer

Histologic variants of AIPC defined by tumor morphology include poorly differentiated 

neuroendocrine prostate carcinomas (encompassing both small cell prostate carcinoma 

[SCPC] and large cell neuroendocrine carcinoma [LCNEC]), sarcomatoid carcinomas, 

and squamous cell carcinomas. Histologic features of SCPC include scant cytoplasm, ill

defined borders, darkly stained nuclei with fine chromatin, absent nucleoli, nuclear molding, 

tumor necrosis, and frequent mitotic figures (1–4). LCNEC comprise large nesting patterns 

with peripheral palisading, abundant cytoplasm, prominent nucleoli, and tumor necrosis 

(1). Sarcomatoid carcinomas display undifferentiated spindled appearance with or without 

atypia, and squamous cell carcinomas demonstrate keratinization or eosinophilic cytoplasm 

with variable atypia (5, 6). Each of these variants may arise de novo or following treatment 

and may be pure or admixed with adenocarcinoma or other components (1–9).

Neuroendocrine Prostate Cancer

The term neuroendocrine prostate cancer (NEPC), based on Epstein criteria 

(1), encompasses tumors with neuroendocrine morphology and includes SCPC, 

LNEC, and tumors with mixed adenocarcinoma and neuroendocrine histology (1). 

Immunohistochemistry (IHC) is not required to meet these criteria. Other studies have 

included prostate adenocarcinoma with immunohistochemical staining of classical NE 

markers such as chromogranin A, synaptophysin, CD56, neuron specific enolase (NSE), and 

bombesin into the definition of NEPC (2). These morphology- and IHC-based definitions 

often overlap, but in some cases would result in differential classification of a tumor (Table 

1). NEPC can present de novo, typically as SCPC, or as an emergent phenotype in men 
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with existing prostate adenocarcinoma (PRAD). NEPC that develops in men with mCRPC 

after treatment with ASI therapy has been termed treatment-emergent NEPC (t-NEPC) 

or castration-resistant NEPC (CRPC-NE or CR-NEPC) to be distinguished from castration

resistant prostate adenocarcinoma (CRPC-Adeno or CR-PRAD).

Aggressive Variant Prostate Cancer

The observation that some patients present with atypical, virulent clinical features and 

androgen indifference without the characteristic SCPC morphology led to the definition 

of aggressive variant prostate cancers (AVPC). This refers to a group of tumors of 

heterogeneous morphologies (including SCPC but also conventional PRAD and poorly 

differentiated carcinomas with or without NE differentiation) that meet at least one of the 

following clinicopathological features: 1) exclusive visceral metastases; 2) radiographically 

evident lytic bone metastases; 3) bulky lymphadenopathy (≥5 cm) or bulky high-grade mass 

(≥5 cm, Gleason ≥8) in the prostate or pelvis; 4) low PSA (≤10 ng/mL) at initial presentation 

(before ADT) or at the time of symptomatic progression of castrate resistant disease plus 

high volume (≥20) bone metastases; 5) serum CEA and/or LDH twice the upper limit of 

normal; 6) short interval (≤6 months) to castration-resistant progression following initiation 

of hormonal therapy; 7) SCPC morphology. The number of criteria met is significantly 

associated with shorter survival independent of neuroendocrine marker expression (10). 

The purpose of the AVPC definition was to provide a framework for developing effective 

therapies for AIPCs extending beyond those with NEPC histology. The term “anaplastic” 

was previously used to describe this group of tumors; however, it is now reserved for 

describing pleomorphic histologic features, not clinical features.

Double Negative Prostate Cancer

Evaluation of clinical samples has identified a subset of CR-PRAD tumors that lack 

expression of both AR and NE markers termed double negative prostate cancer (DNPC). 

Both clinically and in pre-clinical studies, these tumors demonstrate androgen indifference 

and are thought to represent resistant tumor clones following initial response to ASIs. It 

has been hypothesized that DNPC may represent an intermediate stage between androgen 

responsive prostate cancer and NEPC (11).

Prevalence and Clinical Relevance

Significant heterogeneity exists not only within the defining characteristics of AIPC variants, 

but also their prevalence and clinical relevance. There is a growing consensus in the 

field that the prevalence of AIPC is increasing, potentially due to greater awareness as 

well as the increased use of potent ASIs, such as abiraterone, enzalutamide, and other 

next-generation AR antagonists. This is highlighted by an autopsy study of patients dying 

with mCRPC spanning two decades (11). Markers of AR signaling (AR and PSA) and NE 

differentiation (chromogranin and synaptophysin) were analyzed using IHC in 300 tumors 

from 84 patients. The proportion of patients with AR-negative tumors was 11.6% in the 

pre-ASI era (1998–20110) and 36.7% in the modern era (2012–2106). Both the prevalence 

of NEPC (6.3% to 13.3%) and DNPC (5.4% to 23.3%) increased during this time. Two 

contemporary studies of men with mCRPC found that 11–17% of metastatic tumor biopsies 

harbored morphologic features of NEPC and that NEPC was present at higher rates after 
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treatment with an ASI (7, 12). De novo SCPC is rare with most of the literature comprising 

small series, so the prevalence is not known. It is estimated that approximately 30% of men 

with metastatic prostate cancer meet AVPC clinical criteria(13).

Expression of NE markers in the absence of SCPC morphology is associated with poor 

prognosis and castration resistance, but not clearly linked with the virulent clinical course, 

androgen indifference or sensitivity to platinum-based chemotherapy that characterize 

tumors with SCPC morphology (14–19). Generally, however, most AIPC variants are 

clinically virulent with rapid progression despite treatment with ASIs and are thus termed 

“androgen indifferent” (1–6). Whether they are truly indifferent to androgens or to canonical 

AR signaling is not established. SEER data indicates that 60% of patients with SCPC 

present with metastatic disease with overall 1-, 2-, and 5-year survival of 48%, 28%, 

and 14% (20). A retrospective analysis found that median overall survival (OS) was 

significantly shorter in patients with pure SCPC (22.0 months) (whether de novo or 

treatment-related) compared to mixed histology tumors with neuroendocrine features (71.6 

months). Additionally, patients with de novo SCPC had significantly shorter OS compared 

to those with CR-NEPC (16.8 versus 53.5 months) (21). Another study found that men 

with CR-NEPC had significantly shorter OS (hazard ratio of 2.02; 95% confidence interval 

[CI] 1.07–3.82) compared to those with CR-PRAD following treatment with potent ASIs 

(7). Features portending a poorer outcome in CR-NEPC include SCPC histology, lack of 

progressive PSA rise, elevated LDH, and liver metastases (7–9, 21). The AVPC criteria were 

created to identify patients predicted to have aggressive disease that is unlikely to respond 

to ASI therapy, thus by definition is clinically relevant. The subsequent section discusses 

the published data on clinical management of NEPC and AVPC. The clinical relevance of 

DNPC from a prognostic and therapeutic standpoint is not known.

CURRENT THERAPIES

The optimal therapeutic approach for patients with AIPC is not clearly defined. Localized 

de novo SCPC is rare and there is no high-quality data to guide management. The NCCN 

Prostate Cancer guidelines refer clinicians to guidelines for small cell lung cancer (SCLC), 

which recommends radiation with etoposide plus cisplatin chemotherapy. More commonly, 

histologic or morphologic NE features are admixed with PRAD in a primary localized 

tumor. No data exists to suggest that this entity should be treated differently than localized 

PRAD, thus standard guidelines for local management should be followed.

Given its characteristic androgen indifference, metastatic pure SCPC is typically 

unresponsive to ADT, rendering conventional therapeutic approaches ineffective. Due to 

potential heterogeneity within these tumors, however, it is advisable to continue ADT. 

Treatment recommendations are extrapolated from data in SCLC where multiple studies 

have demonstrated efficacy of etoposide plus cisplatin or carboplatin (22–28). As a result, 

NCCN guidelines suggest etoposide plus platinum-based chemotherapy as first-line therapy 

for metastatic pure SCPC (29). The IMpower133 study showed a modest survival benefit 

with the addition of atezolizumab to first-line cisplatin and etoposide in SCLC and may 

be considered for off-label use in SCPC (30). Additionally, pembrolizumab is approved for 
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metastatic SCLC following platinum-based chemotherapy and at least one additional line of 

prior therapy (31).

More commonly, CR-NEPC presents as a morphologically mixed tumor in the mCRPC 

setting when a biopsy is obtained following progression on ASI therapy. The NCCN Prostate 

Cancer guidelines (Version 2.2020 – May 21, 2020) state that if histologic evidence of both 

PRAD and NEPC is present, selection of subsequent treatment to target either the PRAD 

or NEPC component can be prioritized based on the clinical context. Optimal sequencing 

of therapies targeting the CR-PRAD versus CR-NEPC tumor clone is not established. 

Clinical features such as significantly discordant PSA and burden of disease or morphologic 

features of NEPC (as opposed to IHC expression of NE markers alone) may suggest 

benefit to prioritizing therapy targeting the androgen indifferent disease with platinum-based 

chemotherapy.

Several clinical studies support the use of platinum-based chemotherapy in NEPC. A 

retrospective analysis of mCRPC patients treated with platinum chemotherapy found that 

patients with de novo or treatment-emergent NEPC had a significantly higher response rate 

(63%) than those with PRAD (14%) (32). In a Phase 2 study of 36 patients with SCPC, 

the combination of doxorubicin, etoposide, and cisplatin resulted in an objective response 

rate of 61% with median progression-free survival (PFS) of 5.8 months and median OS of 

10.5 months (17). In a small Phase 2 study of 13 patients with NEPC (including 11 with 

pure or mixed SCPC) cisplatin-based chemotherapy resulted in an objective response rate of 

66.6% with one complete response (33). In a Phase 2 study of 41 patients with AIPC and 

supranormal serum NE markers, combination chemotherapy with docetaxel and cisplatin 

resulted in an objective response rate of 41%, a PSA response of 48%, and median PFS and 

OS of 4 and 12 months, respectively (16). In contrast, the Phase 2 GETUG P01 trial reported 

an objective response rate of only 8.7% with etoposide plus carboplatin in mCRPC patients 

with visceral metastases or CR-NEPC defined by high serum levels of chromogranin A and 

neuron-specific enolase (34).

Two prospective clinical trials support that patients meeting criteria for AVPC are likely 

to benefit from platinum-based combination chemotherapy, regardless of morphology and 

neuroendocrine marker expression. In a single arm Phase II study, 113 men meeting AVPC 

criteria were treated with frontline carboplatin plus docetaxel followed by salvage cisplatin 

plus etoposide upon progression. The median PFS following carboplatin plus docetaxel was 

5.1 months, and the median OS was 16.0 months (95% CI 13.6–19.0) (10). In a follow-up 

randomized Phase II study, 160 men with mCRPC were stratified by the presence of AVPC 

clinicopathological criteria and randomized to cabazitaxel with or without carboplatin. The 

PFS hazard ratio (HR) for men meeting AVPC criteria treated with the combination versus 

single agent cabazitaxel was 0.58 (95% CI 0.37–0.89), while only 0.74 (95% CI 0.46–1.21) 

in men that did not meet AVPC criteria (35).
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MOLECULAR FEATURES

Androgen indifferent tumors represent a heterogeneous subset of prostate cancer. Molecular 

characterization of AIPC has identified recurrent molecular features and alterations in 

several pathways as described below (Table 1; Figure 1).

Androgen Receptor Signaling

As some cases of androgen indifferent tumors arise through divergent clonal evolution from 

CR-PRAD, these tumors may exhibit overlapping molecular alterations with PRAD (36). 

For example, approximately 50% of NEPC tumors harbor ERG rearrangements, a defining 

feature observed at a similar frequency in PRAD (37). This molecular alteration is a useful 

clinical biomarker in neuroendocrine tumors of unknown origin as ERG rearrangements are 

characteristically absent in high-grade neuroendocrine cancers arising from other tissues, 

such as lung and bladder (38).

Compared to CR-PRAD tumors, CR-NEPC tumors harbor a low frequency of AR mutations 

and amplifications with evidence of low AR expression and attenuated AR signaling. As 

a result, there is decreased expression of AR target genes including KLK3, which encodes 

PSA (1, 7, 11, 36). The paucity of AR alterations in CR-NEPC tumors is thought to be 

due to clonal selection of CR-PRAD cells that are androgen indifferent under the selective 

pressure of potent ASI therapy. However, in another series of treatment-emergent CR-NEPC 

tumors, the majority retained strong nuclear AR staining. Attenuated signaling through 

traditional AR target genes despite persistent AR expression suggests that the AR cistrome 

may be epigenetically reprogrammed as tumors transform from PRAD to NEPC. Loss of 

AR expression may be a later stage event.

Proneural Transcription Factors

Cellular states are often characterized by the expression of lineage-specific transcription 

factors. Accordingly, NEPC tumors express a distinct set of proneural transcription factors 

including BRN2, BRN4, MYCN, FOXA2, ASCL1, and INSM1 (39–43). While suppressed 

by AR in PRAD, BRN2 is expressed at high levels in NEPC tumors. A pre-clinical in vitro 
model demonstrated that BRN2 is not only upregulated, but also necessary and sufficient 

for induction of NE markers in AIPC cells (40). A subsequent patient-derived xenograft 

model showed that BRN4 is overexpressed in NEPC samples and drives neuroendocrine 

differentiation via direct interaction with BRN2 (39). Likewise, integration of a genetically

engineered mouse model and human prostate cancer transcriptome data demonstrated that 

overexpression of N-Myc (MYCN) leads to attenuation of AR signaling, induction of the 

Polycomb Repressive Complex 2 (PRC2), and development of poorly differentiated prostate 

cancer that is molecularly similar to human NEPC (41). FOXA2 is a pioneer transcription 

factor that is specifically expressed in SCPC and may serve as a sensitive and specific 

diagnostic biomarker of NEPC (42).

Epigenetic Alterations

EZH2, the functional enzymatic component of PRC2 responsible for histone methylation, 

leading to repression of gene transcription, has long been associated with aggressive 
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prostate cancer (44, 45). More recently, EZH2 expression was found to be significantly 

higher in CR-NEPC compared to CR-PRAD tumors (36). Consistent with its repressive 

role, EZH2 target genes, including WNT, DKK1, NDK1, and HOX-encoding genes 

are also significantly downregulated in CR-NEPC. Pre-clinical studies demonstrate that 

EZH2 promotes neuroendocrine trans-differentiation and works in concert with N-Myc 

to drive tumor aggressiveness (41, 46). In addition to NEPC, epigenetic alterations are 

present in other AIPC variants. Polycomb Repressive Complex 1 (PRC1) recognizes 

the H3K27me3 mark created by PRC2 and monoubiquitinates histone H2A, resulting in 

chromatin compaction and transcriptional repression. PRC1 is active in DNPC, driving 

tumor progression by promoting self-renewal and angiogenesis (47).

In addition to, and likely in part as a result of alterations in PRC1/2, AIPC is defined 

by global epigenetic differences. Beltran et al performed DNA methylation profiling of 

10 CR-NEPC and 18 CR-PRAD tumors (36). Unsupervised clustering based on DNA 

methylation resulted in clean partitioning of CR-NEPC and CR-PRAD tumors. The three 

CR-PRAD tumors (by histology) that clustered with the CR-NEPC tumors all displayed 

clinical features of androgen indifference. This data highlights that methylation profiling 

provides instructive information about tumor biology, such as androgen indifference, not 

captured by traditional histology-based tumor assessment.

Epithelial-Mesenchymal Transition (EMT) and Stem Cell Markers

Epigenetic and transcriptomic analysis of CR-NEPC and CR-PRAD tumors identified cell

cell adhesion, EMT, and stem cell programs as highly dysregulated in NEPC relative to 

PRAD. For example, SPDEF, a transcription factor reported to suppress tumor metastasis 

through inhibition of EMT in prostate cancer, is amongst the most hypermethylated 

genes in NEPC relative to PRAD (36, 48). Accordingly, SPDEF expression is lower in 

NEPC, suggesting that de-repression of EMT pathways is a hallmark of CR-NEPC. The 

transcription factor SOX2, is essential for maintenance of embryonic and neural stem cells. 

In both pre-clinical models and patient samples, SOX2 is upregulated in NEPC relative to 

PRAD tumors (7, 49). The tumor suppressor genes TP53 and RB1, which are both involved 

in suppression of SOX2, are frequently altered in NEPC (50, 51). Loss of TP53 and RB1 
is thought to result in de-repression of epigenetic reprogramming factors, such as SOX2, 

creating a stem cell-like environment permissive of trans-differentiation from PRAD to 

NEPC as a mechanism of resistance to potent ASI therapy (49, 52, 53).

Tumor Suppressor Genes

AIPC tumors display a high frequency of TP53, RB1, and PTEN loss (54). Integration of 

IHC, copy number, and patient-derived xenograft data obtained from a Phase 2 study of 

men with tumors meeting AVPC clinicopathological criteria identified combined deleterious 

alterations in RB1 (copy number loss or negative IHC), TP53 (copy number loss, mutations), 

and PTEN (copy number loss) as a distinctive molecular profile (55). Pre-clinical studies 

reveal that concurrent alterations in these tumor suppressor genes result in aggressive, 

resistant neoplasms and is associated with lineage plasticity, androgen indifference, and 

DNA damage response signaling (49, 52, 56–60). The AVPC molecular signature (AVPC

ms), defined as two or more alterations (by IHC and/or genomic alteration) involving RB1, 
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TP53, and PTEN, was studied as a potential predictive biomarker of response to platinum

based chemotherapy in a Phase 1/2 study comparing cabazitaxel plus carboplatin to 

cabazitaxel monotherapy in mCRPC. A post-hoc analysis found that patients with AVPC-ms 

experienced significantly longer median PFS (7.5 versus 1.7 months) and median OS (20.2 

versus 8.5 months) when treated with cabazitaxel plus carboplatin compared to cabazitaxel 

alone. AVPC-ms negative patients did not benefit from the addition of carboplatin to 

cabazitaxel (35). Further validation of the AVPC-ms as a predictive biomarker is planned 

as part of a Phase 3 study of cabazitaxel plus carboplatin. The ability of the AVPC-ms 

to predict for poor response to potent ASIs (ADT, abiraterone, and apalutamide) is being 

assessed as a part of the ongoing Phase 2 DynAMo study in CRPC (NCT02703623).

Mitotic Genes

Androgen indifferent prostate tumors demonstrate upregulation of mitotic genes. Aurora 

kinase A (AURKA) is a cell cycle kinase that functions in mitotic spindle formation and 

chromosome segregation (61). AURKA is overexpressed in AIPC and has been shown 

to stabilize N-Myc to induce neuroendocrine differentiation with observed reversal of the 

neuroendocrine phenotype after treatment with an Aurora kinase inhibitor (62). Expression 

of AURKA has also been linked mechanistically to TP53 mutation through increased 

expression of miR-25 leading to reduced levels of FBXW7 which encodes an E3 ubiquitin 

ligase that regulates AURKA (63). Upregulation of the mitotic gene UBE2C, along with 

a lack of cyclin D1 and RB1 expression, was reported in AR-null SCPC and LCNEC 

xenografts compared to conventional PRAD. This signature was confirmed in clinical CRPC 

samples with SCPC/LCNEC morphology (64).

DNA Damage Repair Alterations

Defects in DNA damage repair (DDR) genes have been observed in a variety of 

malignancies with a reliance on compensatory mechanisms and represent an opportunity 

for cancer treatment. This is particularly important in tumor-suppressor deficient, highly 

proliferative, platinum-sensitive, androgen indifferent tumors. A subset of DDR-associated 

genes have been shown to be co-regulated by AR and the transcription factor c-Myb 

in mCRPC as a compensatory response to deficiencies in DNA repair processes. In AR

negative prostate cancer, c-Myb is de-repressed and may substitute as the dominant regulator 

of common DDR target genes which have been correlated with aggressive clinical features 

(63). Upregulation of DDR genes in NEPC and a subset of CR-PRAD has also been 

associated with activation of PARP1/2 by N-Myc (46). Further, co-deletion of RB1 and 

BRCA2 has been shown to induce EMT and is associated with an aggressive phenotype 

that is attenuated by PARP inhibitor use (65). Lastly, recent data suggests that expression 

of DNA/RNA helicase Schlafen Family Member 11 (SLFN11), an inhibitor of checkpoint 

maintenance and homologous recombination repair, may predict sensitivity to platinum 

chemotherapy in mCRPC tumors. Transcriptomic profiling of mCRPC tumors, and IHC 

analysis of CTCs from men with mCRPC, identified SLFN11 to be independently predictive 

of response to platinum chemotherapy. Further, SLFN11 knockout in patient-derived 

organoids significantly attenuated response to platinum chemotherapy. (66).
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Fibroblast Growth Factor (FGF) & Mitogen-Activated Protein Kinase (MAPK) Pathways

Pre-clinical studies have identified the FGF and MAPK pathways as mechanisms of 

sustained growth in experimentally-derived androgen indifferent LNCaP cells. This finding 

was validated with clinical data as gene sets reflecting FGF and MAPK activity were 

enriched in DNPC metastases relative to PRAD tumors. Further, in an independent set of 

CR-PRAD tumors, FGF and MAPK activity were found to be inversely correlated with AR 

signaling. FGF activity can be driven through both autocrine and paracrine signaling (11).

Immune Profiles

RNA expression analysis of CRPC tumors identified PRC1 upregulation in DNPC samples. 

Subsequent pre-clinical studies demonstrated that PRC1 upregulation governs recruitment 

of M2-like tumor-associated macrophages and regulatory T cells, thus suppressing both 

the innate and adaptive immune system and creating a profoundly immunosuppressive and 

proangiogenic microenvironment in metastatic sites (47).

PD-1/PD-L1 expression and tumor mutational burden are predictive biomarkers for response 

to immune checkpoint inhibitors in some, but not all, malignancies. Immunohistochemical 

analysis revealed that PD-L1 staining is more common in CR-NEPC (41%) compared 

with CR-PRAD (10%) tumors (67). An independent analysis of RNA-sequencing and 

whole-exome sequencing data supported these findings, reporting that PD-L1 expression 

in CR-NEPC tumors is higher than CR-PRAD tumors (68). In contrast, PD-1 expression 

is significantly lower in CR-NEPC than CR-PRAD tumors. Median TMB was comparable 

in CR-NEPC and CR-PRAD tumors (38.0 vs 37.0, p=0.44), but CR-NEPC tumors showed 

significantly lower expression of immune cytokines. By comparison, median TMB of NEPC 

was significantly lower than SCLC (38.0 vs 142.5, p<0.001). Understanding the prevalence 

of high TMB and/or microsatellite instability and their predictive value in AIPC remains an 

area of unmet need.

EMERGING THERAPIES

Informed by an evolving understanding of the underlying biology of androgen indifferent 

tumors, multiple molecularly targeted therapies are under active clinical investigation (Table 

2). In addition to the traditional goal of cancer regression, some therapies targeting AIPC 

seek to reprogram and restore androgen sensitivity.

Cancer Regression

Delta-like protein 3 (DLL3) is a transmembrane inhibitory ligand of the Notch receptor 

pathway with aberrant overexpression on the surface of NEPC as well as small cell lung 

cancer (SCLC) tumors. In prostate cancer, DLL3 expression is enriched in CR-NEPC 

tumors (76.6%) compared to CR-PRAD tumors (12.5%), and is notably absent in benign 

prostate tissue (69). Rovalpituzumab tesirine (Rova-T) is a DLL3-targeted antibody-drug 

conjugate that first demonstrated antitumor activity in pre-clinical models and early-phase 

clinical trials of SCLC (70, 71). Subsequent in vitro and patient-derived xenograft studies 

confirmed pre-clinical efficacy of Rova-T in DLL3-positive NEPC (69). A case report of 

a patient with biopsy-proven NEPC who progressed on platinum-based chemotherapy, but 
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had marked radiographic shrinkage in metastatic disease burden after one cycle of Rova-T 

further strengthened the rationale for clinical development of this therapeutic approach 

in patients with DLL3-positive mCRPC (69). A press release in August 2019, however, 

reported that Rova-T failed to meet its primary endpoint of improving OS in the Phase 3 

MERU clinical trial in SCLC (NCT03033511) resulting in termination of its development. 

In spite of this setback, DLL3-directed therapy remains a promising therapeutic approach 

in patients with NEPC. The anti-DLL3 x CD3 Bi-specific T cell Engager (BiTE) AMG757 

(Amgen) and the DLL3-targeted Tri-specific T cell Activating Construct (Tri-Tac) HPN328 

(Harpoon) are now entering clinical trials for patients with NEPC and other small cell /NE 

cancers.

Notably, tumor mutation burden, a genomic biomarker predictive of response to immune 

checkpoint inhibitors, was significantly lower in CR-NEPC than SCLC tumors (67). How 

these findings will translate to clinical efficacy will be answered by three ongoing clinical 

trials investigating immunotherapy in NEPC: 1) Phase 1b/2 study of pembrolizumab plus 

BXCL701, an oral innate immunity activator (NCT03910660); 2) Phase 2 study of avelumab 

(NCT03179410); 3) Phase 1 study of pembrolizumab in combination with platinum-based 

chemotherapy (NCT03582475) (Table 2).

CR-AVPC and SCLC share similar molecular profiles with frequent deleterious alterations 

in the tumor suppressor genes TP53, RB1, and PTEN (55, 64). These similarities likely 

underlie their shared sensitivity to platinum-based chemotherapy (10, 35). In other solid 

tumors, platinum-sensitivity is a surrogate predictive biomarker for response to PARP 

inhibitors as both therapies have greater efficacy in patients with homologous recombination 

(HR) deficient tumors. Approximately 20% of mCRPC tumors harbor deleterious alterations 

in HR genes (72). Maintenance PARP inhibitor therapy in patients who respond to platinum

based chemotherapy has been demonstrated to significantly improves PFS in patients with 

ovarian and pancreatic cancer (73–75). This approach is now being assessed in an ongoing 

Phase 2 study of induction chemotherapy with carboplatin plus cabazitaxel followed by 

PARP inhibitor maintenance therapy with olaparib in men with CR-AVPC (NCT03263650). 

A planned study (NCT pending) will assess the efficacy and toxicity of adding PD-1 

blockade to induction chemotherapy and maintenance PARP inhibition.

Molecular studies have identified aberrant FGF signaling as a potential driver of DNPC. 

Multiple efforts are underway to evaluate the efficacy of FGF-targeted therapy in mCRPC. 

TKI258 is an oral multi-kinase inhibitor with activity against FGF receptors (FGFR). A 

Phase 2 study of TKI258 in men with mCRPC has completed accrual, though results have 

not yet been reported (NCT00831792). Another ongoing Phase 2 clinical trial, specifically 

in men with CR-DNPC, is evaluating the efficacy of the FGFR-selective kinase inhibitor 

erdafitinib in combination with either enzalutamide or abiraterone (NCT03999515). Pre

clinical studies of DNPC demonstrated that PRC1 upregulation results in CCL2-mediated 

suppression of the innate and adaptive immune system (47). Although theoretical at 

this time, the investigators hypothesize that blocking this immunosuppressive pathway 

may sensitize CR-DNPC tumors and other immunologically “cold” mCRPC tumors to 

immunotherapy.
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Reprogramming and restoring androgen dependence

The oncogenic transcription factor N-Myc is over-expressed in NEPC and has been 

demonstrated in pre-clinical models to suppress AR signaling and drive aggressive prostate 

cancer (36, 41). Although pharmacologic inhibition of transcription factors is notoriously 

challenging, numerous therapeutic approaches to inhibit MYC by targeting transcriptional 

and post-translational regulation are under investigation (76). Aurora kinase A (AURKA) 

binds to and stabilizes N-Myc, resulting in a potentially targetable dependency in NEPC 

(77). Pre-clinical studies confirmed that pharmacologic inhibition of AURKA results in 

decreased N-Myc protein levels, decreased N-Myc target gene expression, and decreased 

cell viability (41). Unfortunately, a Phase 2 clinical trial of the selective AURKA inhibitor 

alisertib in men with metastatic prostate cancer enriched for NEPC failed to meet its 

primary endpoint, though exceptional responses were observed. One patient who developed 

innumerable lung and liver metastases and biopsy-proven NEPC after 12 months of primary 

ADT had complete resolution of visceral metastases after 12 weeks of alisertib monotherapy 

that was maintained for 14 months (78). This exceptional responder highlights the need for 

predictive biomarkers to identify patients who will benefit from AURKA-directed therapy.

N-Myc forms a complex with EZH2 to induce EZH2-mediated transcriptional changes 

that drive transformation towards the NEPC phenotype (41). EZH2 is one of the highest 

expressed genes in CR-NEPC relative to CR-PRAD and is a promising therapeutic target 

for NEPC with numerous EZH2 inhibitors already evaluated in Phase 1 clinical trials 

(36). EZH2 inhibition restores AR signaling and may re-sensitize NEPC cells to ASI 

therapy in pre-clinical studies (41, 49). The Phase 1b/2 ProSTAR Study (NCT03480646) 

is investigating the EZH2 inhibitor CPI-1205 in combination with either enzalutamide 

or abiraterone plus prednisone in men with mCRPC who have progressed on the other 

potent ASIs. Preliminary data suggests that the combinations are well-tolerated with clinical 

responses (PSA decrease by ≥ 80%, CTC reduction by ≥ 30%, and radiographic responses 

by RECIST criteria) reported, though the efficacy and applicability based on clinical 

or molecular subgroups is not yet known (79). Other EZH2 inhibitors in early clinical 

development for prostate cancer include PF-06821497 (NCT03460977) and tazemostat 

(NCT04179864).

NOVEL BIOMARKERS

Disease activity in men with prostate cancer is typically monitored with PSA. However, 

AIPCs typically have downregulated AR signaling, often resulting in lower PSA expression 

that is discordant from disease burden (1). Some subsets, such as DNPC, are exclusively 

diagnosed by pathologic analysis of tumor tissue (11). One shortcoming of this approach 

is the lack of consensus pathologic features to identify AIPC variants. For example, 

neuroendocrine marker expression (i.e. chromogranin A, synaptophysin, CD56, neuron 

specific enolase (NSE), and bombesin) by IHC has not been shown to demonstrate 

prognostic or predictive significance (80–82). Additionally, tumor biopsy samples may not 

capture the overall disease due to intra-patient tumor heterogeneity (36, 83, 84). These 

limitations of the current diagnostic approach highlight the need for novel non-invasive and 

radiographic biomarkers to identify men with AIPC variants who may benefit from non-AR 
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targeted therapies. While the diagnostics discussed below demonstrate great promise for 

earlier and more accurate detection and classification of AIPC variants in the future, these 

biomarkers are still in the investigational stage. The standard of care diagnostic approach for 

men with CRPC progressing after treatment with potent ASIs is metastatic tumor biopsy for 

pathologic and genomic analysis.

RNA Expression-Based Analysis

Given the challenges of identifying NEPC based on current diagnostics, Beltran et al 

developed an RNA expression-based NEPC classifier (36). Using transcriptomic data from 

CR-NEPC and CR-PRAD tumors, 70 differentially expressed genes were used to build 

an NEPC classifier, which demonstrated >99% precision in an initial discovery cohort. 

Evaluation of transcriptomic data in an external cohort of 683 prostate cancer tumors 

identified an elevated NEPC classifier score in 8% of metastatic tumors and none of 

the treatment-naive PRAD or benign prostate samples. More than 80% of the tumors 

with an elevated NEPC classifier score had pathologic features of NEPC. Further, the 

NEPC classifier demonstrated superior precision compared to conventional neuroendocrine 

markers, PSA, AR expression, and AR signaling. In an independent analysis of RNA 

expression data of 119 mCRPC tumors, unsupervised clustering of the transcriptomic data 

identified a cluster enriched for CR-NEPC tumors (7). A gene expression signature of NEPC 

was developed that demonstrated 91% accuracy on internal cross validation. When applied 

to an external cohort of mCRPC tumors, the NEPC signature demonstrated high accuracy. 

All TCGA primary prostate cancer tumors were accurately classified as PRAD. Subsequent 

studies have suggested that low PSA, high grade localized tumors and mCRPC may share 

NEPC characteristics based on transcriptome analysis (85, 86). Significant limitations of this 

transcriptome-based diagnostic approach include the need to obtain tissue and the potential 

for sampling error as a single metastatic foci may not be representative a patient’s overall 

disease.

Cell-free DNA

Profiling of cell-free DNA (cfDNA) is a promising approach for non-invasive detection 

of tumor-specific genetic and epigenetic features. Tumor-derived DNA is detectable in the 

majority of patients with mCRPC (87, 88). Advantages of cfDNA as a diagnostic tool in 

mCRPC include 1) facilitating tumor analysis when tissue is challenging to obtain, 2) being 

less subject to the sampling error introduced by a single tissue biopsy of a heterogeneous 

tumor, and 3) feasibility of serial samples to temporally assess tumor evolution. Although 

a rapidly evolving field, data on the clinical feasibility of cfDNA for detection of AIPC 

is limited. A tissue-based classifier has been published that integrates RNA-sequencing 

and DNA methylation data to determine with high precision if CRPC tumors are NEPC 

(36, 89). A recent study extended this analysis to cfDNA, leading to several important 

observations (83). First, genomic and epigenomic features (i.e., DNA methylation) of CR

NEPC are identifiable through plasma cfDNA analysis. This finding has important clinical 

implications as non-invasive diagnosis of CR-NEPC could identify patients who may benefit 

from platinum-based chemotherapy or other non-AR targeted therapies (10, 55). This study 

also reported the biological observation that cfDNA from patients with CR-NEPC were less 

heterogeneous than from those with CR-PRAD. This data suggests that during the transition 
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towards CR-NEPC, a dominant androgen indifferent clone (often harboring combined loss 

of RB1 and TP53) is selected and persists due to the selective pressures of potent ASI 

therapy. Further studies are ongoing to determine the clinical utility of cfDNA to identify 

patients with AIPC who may benefit from non-ASI therapy. Recently, use of unbiased 

genome sequencing allowing for simultaneous detection of copy number alterations and 

exome mutations in cfDNA of CRPC patients distinguished those with platinum-sensitive 

tumors with plans for additional study (90).

Circulating Tumor Cells

Circulating tumor cells (CTCs) provide the potential for real-time, non-invasive, molecular 

characterization to determine prognosis and individualize treatment decisions in men with 

mCRPC. An early study established the prognostic value of enumerating CTCs prior to 

initiating therapy in men with mCRPC, reporting unfavorable PFS and OS for men with ≥ 

5 CTCs per 7.5 ml of blood (91). A subsequent study sought to identify molecular features 

that could be used to identify men with CR-NEPC (92). The investigators observed that low 

or absent AR expression, low cytokeratin expression, smaller morphology, and cell clusters 

were observed more frequently in CTCs from men with CR-NEPC compared to those with 

CR-PRAD. A classifier based on these characteristics was able to identify most cases of 

CR-NEPC, highlighting the potential of this diagnostic approach. The investigators then 

applied this classifier to a small cohort of “atypical CRPC” CTCs that were histologically 

adenocarcinoma but displayed evidence of androgen indifference, such as radiographic 

progression in the setting of low PSA. Compared to CR-PRAD samples, atypical CRPC 

was associated with greater CTC heterogeneity and a higher burden of NEPC-like cells. 

In another study of 47 patients with AVPC, CTCs were identified in 42.6% of patients 

(93). Copy number alterations in at least 2 tumor suppressor genes was associated with 

poor survival and increased genomic instability. Genomic instability, as measured by large 

scale transitions on CTC copy number analysis, was also independently associated with 

aggressive disease. Similarly, shorter PFS and OS were observed in patients with mCRPC 

whose CTCs were classified by the Epic CTC Platform as having a NE phenotype or 

chromosomal instability (94). Although further clinical validation is needed, these findings 

highlight the utility of CTCs for the detection of patients harboring AIPC and insights into 

disease biology.

Imaging

Molecular imaging has demonstrated the ability for early and accurate detection of 

metastatic prostate cancer and providing novel insights into tumor biology, aggressiveness, 

and response to treatment. These imaging modalities consist of a radionuclide conjugated 

to a receptor-targeting agent or metabolic compound. The most widely-studied molecular 

imaging targets in prostate cancer include prostate specific membrane antigen (PSMA), a 

transmembrane glycoprotein overexpressed in prostate cancer cells, and dihydrotestosterone 

(DHT), the primary ligand for the AR (95). While PSMA and DHT are relatively specific 

for prostate cancer, compounds such as fluoro-2-D-deoxyglucose (FDG), choline, acetate, 

and fluciclovine more broadly detect metabolic activity. The different characteristics of 

these molecular imaging modalities present an exciting opportunity to correlate radiographic 

findings with tumor biology.
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FDG PET imaging has been studied specifically in prostate cancer with positive expression 

of serum NE markers. A case series of 23 patients and 592 unique lesions compared PET, 

CT, and bone scan. Only 22.2% of bone lesions were detected by PET compared to 92.7% 

and 77.6% for CT and bone scan respectively. 95.1% soft tissue lesions were detected by 

PET compared to 97.5% with CT, with a possible association between PET avidity and 

patient survival less than 2.2 years. However, this study selected for tumors solely based 

on neuroendocrine marker expression and did not account for the presence or absence of 

clinically virulent features making it difficult to extrapolate to androgen indifferent tumors 

(96).

Transcriptomic analysis of mCRPC tumors demonstrated that PSMA expression is 

significantly lower in CR-NEPC than CR-PRAD tumors (97). This suggests that lesions, 

which display evidence of metabolic activity, but are PSMA negative may be more likely to 

be AIPC. A subset analysis of patients with mCRPC who underwent FDG and PSMA PET 

supports this hypothesis. The 16 patients whose imaging showed discordant FDG-positive 

PSMA-low or -negative lesions had a dismal prognosis with median overall survival of 2.5 

months (98). Although this study did not perform biopsies to correlate radiographic features 

with tumor pathology, this clinical association suggests that patients with FDG-positive 

PSMA-negative lesions display an aggressive disease course, often associated with AIPC.

The potential benefit of more specific targeting towards prostate cancer is highlighted in a 

study of 133 patients with mCRPC who underwent imaging with both DHT and choline 

positron emission tomography (PET) (99). The majority of lesions (71.2%) were positive 

for both DHT and choline (AR1Glyc1), however a subset (12.7%) were DHT negative and 

choline positive (AR0Glyc1). In total 49% of patients had an AR0Glyc1 lesion, which on 

multi-variate analysis was associated with a significant increase in the hazard of death. 

To better understand the association between radiographic findings and tumor biology, the 

investigators obtained 57 biopsies, 12 of which were consistent with poorly differentiated 

prostate cancer. Of the 8 lesions that were PSA positive by IHC, 7 were AR1. All 4 lesions 

that were PSA negative were AR0. This suggests a strong association between DHT PET 

negativity and androgen indifferent biology on a lesion-by-lesion basis. A similar trend has 

been reported for PSMA, whereby a large transcriptome-based analysis of mCRPC tumors 

demonstrated an inverse correlation of PSMA levels with expression of neuroendocrine 

markers (100). This pattern is borne out clinically, as highlighted in a case report of a patient 

with a peritoneal metastasis with moderate radiotracer uptake and a liver metastasis with 

no uptake on PSMA PET. Tissue obtained from the two lesions demonstrated moderate 

and absent PSMA expression, respectively. Further, the liver lesion stained negative for AR, 

was strongly positive for synaptophysin, and harbored alterations in TP53 and RB1 (101). 
In contrast, efforts to exploit the somatostatin receptors with Ga-68-DOTATOC PET/CT in 

prostate cancer with neuroendocrine marker expression have been disappointing to date with 

weak expression of DOTATOC-affine somatostatin receptors compared to gastrointestinal 

and pancreatic neuroendocrine tumors (102). Ongoing studies to understand the correlation 

between molecular imaging and tumor biology will enhance our understanding of AIPC 

variants.
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CONCLUSION

AIPC is an increasingly recognized disease variant in men with mCRPC that generally 

emerges as a resistance phenotype following treatment with potent therapy to suppress 

androgen signaling. While there is significant clinical and biological heterogeneity within 

AIPC, significant progress has been made to understand the molecular underpinnings 

of NEPC, AVPC, and DNPC. However, the ability to detect AIPC in clinical practice 

and effectively treat it remain significant barriers. At this time, we therefore recommend 

performing metastatic tumor biopsies in men progressing following treatment with potent 

ASI therapy for pathologic and genomic analysis. This approach can identify potentially 

clinically actionable tumor features including 1) AIPC variants, 2) biomarkers predictive of 

response to FDA approved targeted therapies (e.g. DDR alterations for PARP inhibitors and 

microsatellite instability for pembrolizumab), and 3) tumor alterations under investigation in 

clinical trials. Plasma genotyping is another options when tissue is unobtainable.

A panel of experts recently published a list of critical unanswered scientific questions 

regarding the role of lineage plasticity in androgen receptor independent prostate cancer 

(103). Building upon this, we believe that the following issues must be addressed to improve 

outcomes for patients diagnosed with androgen indifferent prostate cancer: agreeing upon 

a consensus definition for the distinct AIPC variants, developing diagnostics for early and 

accurate detection of clinically actionable variants, further characterizing the molecular 

drivers of each AIPC phenotype, and developing effective variant-specific targeted therapies. 

Given the adverse outcomes associated with AIPC, efforts are underway to overcome 

these barriers. CTCs, cfDNA, and molecular imaging appear poised to provide objective 

tools non-invasive and radiographic detection of AIPC. Further, several clinical trials are 

underway evaluating novel therapeutic approaches in patients with androgen independent 

prostate cancer informed by an understanding of variant-specific biology. Finally, correlative 

translational research studying patient samples from clinical trials in AIPC will be critical to 

furthering our understanding of this challenging disease.
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Figure 1: Proposed characteristics of androgen indifferent prostate cancer.
This figure highlights unique and overlapping clinical, histologic, and molecular 

characteristics of androgen indifferent prostate cancer variants. Abbreviations: NEPC, 

neuroendocrine prostate cancer; AVPC, aggressive variant prostate cancer; DNPC, 

double negative prostate cancer; AIPC, androgen indifferent prostate cancer; PRAD, 

prostate adenocarcinoma; ASI, androgen signaling inhibitor; CGA, chromogranin A; SYP, 

synaptophysin; AR, androgen receptor; PSA, prostate specific antigen.
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