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Abstract

The increasing potency of therapies that target the androgen receptor (AR) signalling axis has 

correlated with a rise in the proportion of patients with prostate cancer harbouring an adaptive 

phenotype, termed treatment-induced lineage crisis. This phenotype is characterized by features 

that include soft-tissue metastasis and/or resistance to standard anticancer therapies. Potent 

anticancer treatments might force cancer cells to evolve and develop alternative cell lineages that 

are resistant to primary therapies, a mechanism similar to the generation of multidrug-resistant 

microorganisms after continued antibiotic use. Herein, we assess the hypothesis that treatment-

adapted phenotypes harbour reduced AR expression and/or activity, and acquire compensatory 

strategies for cell survival. We highlight the striking similarities between castration-resistant 

prostate cancer and triple-negative breast cancer, another poorly differentiated endocrine 

malignancy. Alternative treatment paradigms are needed to avoid therapy-induced resistance. 

Herein, we present a new clinical trial strategy designed to evaluate the potential of rapid drug 

cycling as an approach to delay the onset of resistance and treatment-induced lineage crisis in 

patients with metastatic castration-resistant prostate cancer.

Potent clinical suppression of androgen receptor (AR) signalling has been achieved with the 

pharmacological inhibitors abiraterone acetate1,2 and enzalutamide3,4 (drugs that were 

approved by the FDA in 2011 and 2014, respectively), resulting in significant survival 

benefits for men with metastatic castration-resistant prostate cancer (mCRPC). Emerging 

evidence suggests, however, that the prolonged therapeutic use of abiraterone and 

enzalutamide induces adaptive clinical phenotypes — including histological 

dedifferentiation and lineage alterations, such as treatment-induced neuroendocrine prostate 

cancer (t-NEPC)5 and treatment- induced epithelial-to-mesenchymal transition6,7 (t-EMT) 

(BOX 1). Such resistant phenotypes, in turn, might cause aggressive visceral metastases, a 

trend that has been reported with increasing prevalence in patients with prostate cancer who 

have received long-term androgen deprivation therapy (ADT)5,8–12. While the mechanisms 
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by which treatment- adaptive pathologies arise are currently unclear, low levels of AR 

expression or activation (AR-lo) and low levels of prostate-specific antigen (PSA) secretion 

(PSA-lo) are two of the hallmarks of poorly differentiated and aggressive prostate 

cancer8,10,13–18. Herein, we propose the hypothesis that AR suppression by potent therapies 

facilitates a selective pressure on prostate cancer cells, whereby cells of a dedifferentiated 

and/or treatment- resistant lineage obtain a survival or proliferative advantage. The most 

well-known clinical and histopathological entity is probably neuroendocrine prostate cancer 

or prostate small-cell carcinoma. Similar to triple-negative breast cancer (TNBC), in which 

oestrogen receptor (ER) and progesterone receptor (PR) levels are low and HER2 is not 

amplified19, AR-lo-prostate tumours can acquire enhanced cellular plasticity (elevated 

stemness) that results in aggressive clinical features5,20. Such cancers exploit a variety of 

hyperactivated alternative oncogenic signalling mechanisms, thus warranting the 

consideration of novel treatment approaches for patients who have developed resistance. The 

ability of tumours to adapt to potent targeted therapies is analogous to the mechanism 

whereby infectious microorganisms become resistant to consecutive courses of antibiotic 

treatment, ultimately obtaining the status of a ‘superbug’ (REFS 21,22) — capable of 

growth in the presence of multiple types of antimicrobial agents. The precise mechanisms 

governing how targeted agents induce cellular and genetic plasticity are in the early stages of 

investigation, but the clinical observations resulting from the use of such targeted therapies 

suggest that lineage plasticity is a clinically relevant mechanism5,9.

Increased research emphasis should be placed on the development of preclinical models, in 

which the effects of treatment-induced resistance can be tested directly, as well as on the 

development of alternative treatment strategies that could be used to prolong the survival of 

men with advanced-stage prostate cancer by delaying the onset of resistance and minimizing 

toxicities. We suggest a new treatment approach, the Prostate Cancer Intensive, Non-Cross 

Reactive Therapy protocol (PRINT), which is designed to explore the effectiveness of rapid 

cycling of drugs with different antitumour mechanisms in men with mCRPC, and has been 

applied to the design of a new clinical trial (NCT02903160)23. This ongoing trial could 

provide proof-of-principle for future treatment regimen approaches, such as collateral 

sensitivity, which are designed to delay the point at which prostate cancer cells become 

treatment-resistant. PRINT might also provide evidence that, with new treatment 

approaches, attention should be devoted not only to the use of novel drugs, but also to how 

and when such drugs are administered.

Treatment-induced resistance in mCRPC

The development of treatment resistance in cancer (for example, in mCRPC) can be 

paralleled with the development of antibiotic resistance in bacteria. Treatment-naive 

infections generally respond to a standard course of antibiotics, resulting in a reduced 

disease burden and recovery. Within the initial population, however, a small percentage of 

microorganisms have resistance mechanisms that are either acquired through genetic 

mutation or transferred from other bacteria24. Upon discontinued antibiotic use (or ‘drug 

holiday’), the infection can recur owing to expansion of the population of resistant clones. 

Subsequent treatment with a different antibiotic might then leads to the evolution of a strain 

with resistance to both antibiotics (FIG. 1a). Thus, while persistent antibiotic use often 
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achieves initial clinical success, the generation of multidrug-resistant bacteria (also referred 

to as super-bugs) might be the ultimate result of persistent use of single agents21,22. Once 

drug exposure is discontinued, superbugs might then revert back to being drug-sensitive as a 

mechanism to avoid the fitness hurdles associated with resistance25 (FIG. 1a). Indeed, 

striking similarities exist between the ability of infectious organisms and cancer cells with 

dedifferentiated phenotypes to persist and adapt, despite the presence of potent therapeutic 

agents. Similarly to how superbugs are related to infectious disease, cancer cells are highly 

adaptable and can adapt phenotypically to survive under continuous drug exposures, 

ultimately leaving patients with few or no treatment options. While infectious diseases and 

most cancers operate on a different scale of progression and cannot be compared directly, 

the mechanisms of resistance rapidly outpace the development of effective drugs and 

treatment strategies in both situations.

Lineage crisis in mCRPC

Documenting the stage at which cancer treatments might induce adaptive phenotypes (or 

‘lineage crisis’) is a clinical challenge, particularly when considering that such alterations 

might even occur in treatment-naive patients. In the clinical setting, the term lineage crisis 

can be applied to anaplastic or small-cell prostate carcinomas. This suggestion is supported 

by a report in which Aparicio et al.8 described that the presence of at least one of the 

following seven prospectively assessed criteria defines anaplastic prostate cancer: presence 

of a pure or mixed population of histologically defined small-cell prostate carcinoma cells; 

metastasis exclusively to visceral organs; a predominance of lytic-bone metastases (assessed 

radiographically); ‘bulky’ (≥5 cm) tumour masses; low serum PSA levels concurrent with a 

high number (>20) of bone metastases; the presence of neuroendocrine markers (histology 

assessment or in serum) plus elevated levels of serum lactate dehydro-genase (LDH) or 

carcinoembryonic antigen (CEA), or malignant hypercalcaemia; or a short time (≤6 months) 

to androgen-independent disease progression after starting ADT. These criteria were 

devised, in part, to guide the decision to perform additional biopsies when lineage crisis is 

suspected10,26. Beyond these criteria, the use of techniques such as genomic and/or 

transcriptional profiling of AR-related signatures and lineage markers directly from primary 

tumours or lesions, and urine sampling, have enabled the clinical documentation of lineage 

crisis27. Increasingly sensitive assays might also enable screening for the presence of 

neuroendocrine or EMT-like cells in blood samples from patients28.

For clinical oncologists to understand when and where lineage crisis is occurring, and how 

this progression can be halted, the mechanisms used by cancer cells to respond to the stress 

induced by the presence of persistent and potent therapies must be understood. We agree 

with the fundamental hypothesis that prostate cancer is a heterogeneous disease capable of 

drug-induced plasticity mediated by reduced AR expression or activity29–31. Most likely, 

this heterogeneity and adaptive lineage plasticity also accounts for disease states 

characterized by multidrug resistance, aggressive phenotypes and lethality (FIG. 1b). In the 

normal prostate, the AR has important roles in the initiation and maintenance of epithelial 

differentiation. Data from genetic studies in mice have shown that AR activation induces the 

secretion of critical paracrine signalling molecules (referred to as ‘andromedins’) involved in 

the maintenance of acinar differentiation and secretory function29–33. During cancer 
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progression, however, the functional roles of the AR expand to control cellular 

differentiation, oncogenesis and tumour suppression34. Baseline and post-treatment changes 

in serum levels of PSA serve as an important biomarker of prognosis and tumour 

progression, but do not fully capture the varied survival outcomes of patients with 

mCRPC17,26,35,36. Indeed, NEPC is often characterized by the secretion of low levels of 

PSA and a poorly differentiated phenotype9. Most NEPCs typically have very low or no AR 

expression, and are thus poorly responsive to therapy and associated with unfavourable 

clinical outcomes37. The levels of AR expression and signalling also tend to be very low in 

visceral metastases compared with primary tumours17,38,39. In fact, the subset of patients 

with prostate cancer with the lowest levels of PSA (≤10 ng/ml reported)8 undergo the most- 

aggressive disease course, characterized by highly dedifferentiated tumour pathology14,16,40. 

We propose that dedifferentiated prostate tumours with low AR activity might represent a 

transition stage with a high susceptibility to lineage crisis similar to other undifferentiated 

malignancies, such as TNBC or undifferentiated acute myeloid leukaemia (AML). These 

clinical data8 suggest that, in certain contexts, differentiation markers (such as the AR) 

function as checkpoints in the progression to the most-aggressive forms of disease. Several 

compelling preclinical studies support this hypothesis. For example, upon reconstitution of 

AR expression, AR-negative, poorly differentiated human prostate cancer cells display 

more-differentiated phenotypes in culture41–44 and reduced migration45,46.

Treatment-induced prostate lineages

During hormone-dependent disease progression, the prostatic epithelium responds acutely to 

inhibition of AR signalling, resulting in tumour regression and lower PSA levels in serum. 

For example, RNA knockdown of AR expression in the human prostate cancer cell line 

LNCaP impedes ligand-independent AR activation and delays the progression of tumours 

subcutaneously induced in mice47. Conversely, transcriptomic profiling and tumour 

assessment in xenograft models of AR-lo LNCaP subpopulations isolated from the parental 

line revealed substantially increased elements of stemness, tumorigenesis and treatment 

resistance compared with either parental cells or subpopulations with high levels of AR 

expression (AR-hi)48. These data indicate that, although AR-targeted therapies can be 

effective anti-tumour strategies, they might ultimately lead not only to the expansion of 

adapted AR-hi cancer cells, but also to the expansion of AR-lo subpopulations with 

dedifferentiated phenotypes (FIG. 1b). Perhaps the strongest clinical evidence for a 

treatment-induced adaptive response is derived from measuring the presence of small-cell 

prostate carcinoma-related signatures before and after treatment9,18. Strikingly, some studies 

have reported a marked difference in the percentage of cells harbouring such signatures, 

ranging from 0.5–2% in patients with untreated prostate cancer to 25% in metastatic autopsy 

samples of lethal cancers of a prostatic origin49,50. Some analyses, however, have been 

restricted to a small number of matched samples from the same patient limiting the 

appreciation of intra-individual heterogeneity of disease50. In a study published in 2015, 

only 3% of patients with mCRPC (n = 150) had AR-negative tumours; however, 96% of the 

samples processed for this analysis were differentiated adenocarcinomas51. The results of 

analyses of the genomic landscapes of primary and metastatic prostate cancer samples 

published in the past 10 years show that, while a strong AR-expression signature is observed 
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in prostate cancer samples from untreated patients, those from patients who received ADT 

have heterogeneous AR activity, particularly in metastatic lesions52–55. These clinical data 

might be in line with preclinical studies on AR-hi cells showing cross- resistance between 

AR-targeted therapies and docetaxel, through a mechanism involving nuclear AR 

transport56,57, even if clinical evidence on this mechanism remains limited58–60. 

Collectively, these analyses indicate that, during progression from hormone- naive to 

castration-resistant prostate cancer, overall AR activity often decreases52,54.

A challenge for the clinical detection of treatment-naive (occurring in de novo NEPC) and 

treatment-induced lineage alterations in prostate cancer comes from the marked overlap in 

results from the morphological and immunohistochemical profiling of many NEPCs. This 

difficulty is aggravated by the fact that visceral metastatic lesions of prostatic origin often 

have reduced or focal expression of markers of prostatic epithelial differentiation (such as 

PSA, glutamate car-boxipeptidase 2 (commonly referred to as PSMA) or solute carrier 

family 45 member 3 (commonly referred to as P501S))61,62. The use of high-resolution 

fluorescent in situ hybridization analysis has enabled the detection of persistent 

rearrangements of the gene encoding the transcriptional regulator ERG in visceral lesions of 

small-cell prostate cancers63, in treatment-resistant NEPCs64 or in concurrent 

adenocarcinomas and small-cell prostate cancers63,65–67. Thus, detection of ERG protein 

over-expression and/or TMPRSS2–ERG rearrangement in NEPCs provides strong evidence 

for lineage conversion from an initial AR-positive adenocarcinoma to NEPC. The detection 

of persistent ERG rearrangements and enrichment in ERG-related transcriptional signatures 

can also enable the evaluation of treatment-related lineage crisis subsequent to primary 

tumour resections in primary tumours, metastatic lesions, or even in urine samples in clinical 

settings27.

EMT is an additional form of lineage crisis. EMT phenotypes have been associated with 

reduced expression of AR in studies conducted both in mouse models68–70, and with human-

derived samples6, results that further support the suggestion that AR-lo mCRPC-derived 

cells might represent transition states from which to acquire alternative therapy-induced 

lineages. Preclinical modelling has demonstrated that ADT induces both EMT and enhanced 

stemness in the mouse prostate and in xenograft tumours derived from the human cell line 

LuCaP35 (REF. 6). The results of animal studies, however, show that the combination of 

enzalutamide and cabazitaxel lead to the reversion of EMT-like phenotypes in EMT-driven 

prostate cancer models, to luminal and glandular cell-like differentiation7. Analysis of 

patient-derived tissue grafts isolated from those patients with high-risk primary prostate 

cancers indicate that ADT leads to increased expression of EMT markers in some, but not all 

patients71. In addition, a reciprocal negative feedback loop has been postulated to lead to 

reduced AR expression in cells that have undergone EMT6. In cultured cells, elevated 

stemness and reduced AR expression might be features of a transition state that is required 

while undergoing conversion to a neuroendocrine lineage (FIG. 1b). One of the challenges in 

determining the effects that primary and subsequent treatments have on the regulation of 

EMT-related gene signatures is to determine whether castration-resistant adenocarcinoma 

cells undergo trans-differentiation to an EMT lineage or whether pre-existing cells, such as 

an accumulation of t-NEPCs, are selected during treatment and subsequently acquire genetic 

and epigenetic modifications. Of note, the reverse process of mesenchymal-to-epithelial 
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transition (MET) is poorly understood. Despite considerable evidence documenting the 

accumulation of cells in lineage crisis6,9,49,50,71 following first-line and subsequent 

treatments, the debate on the mechanisms responsible for such lineage crisis is still ongoing.

Mechanisms of lineage conversion

The accumulation of prostate cancer cells in NEPC lineage crisis is postulated to occur 

through three processes: first, lineage conversion (or transdifferentiation) of adenocarcinoma 

cells9; second, clonal selection72 and expansion of adenocarcinoma cells; and third, 

transformation of non-transformed or benign neuroendocrine cells20. Owing to the 

pronounced genetic similarities between adenocarcinoma and NEPC cells, the processes of 

transdifferentiation and/or clonal expansion are generally preferred, and have been addressed 

by several studies65–67,73,74. The ability of adenocarcinoma cells to originate as a 

neuroendocrine lineage implies that these cells have sufficient stem-like properties and an 

ability to proliferate in AR suppressive-conditions (FIG. 1b). Indeed, some investigators 

have suggested that the co-expression of CD44, a putative marker of stemness in the 

prostate75, with neuroendocrine lineage markers76 in clinical biopsy samples from patients 

with small-cell prostate carcinoma implies a stem-like cellular origin76. Preclinical studies 

by Owen Witte's group revealed that overexpression of N-Myc and Akt in benign, primary 

human basal cells led to NEPC and mixed adenocarcinoma formation upon transplantation 

in mice, compared with similarly transduced primary luminal cells77. These data, however, 

were not sufficient to determine whether luminal stem cells naturally lack the capacity to 

become NEPC cells or whether the conclusions of this study resulted from the technical 

limitations of the applied grafting assays78,79. Nevertheless, these data are consistent with 

the results of two consecutive analyses of samples from patients with prostate cancer, in 

which the genes encoding N-Myc and Aurora kinase A were found to be co-amplified in 

40% of histologically defined NEPC and in ∼75% of patients with prostate cancer at 

different stages, who will develop clinically defined t-NEPCs, in contrast with only 5% co- 

amplification detected in patients with non-NEPC prostate cancer or in an unselected 

population64,80.

Almost all (>90%) NEPCs have high levels of genomic alterations, including loss of PTEN 
and mutations affecting RB1 and TP53 (REFS 74,81,82). These studies also indicate that 

small-cell prostate carcinomas harbour TP53 loss and CREBBP mutations concurrently with 

ERG rearrangements, indicating they are derived from a cell of prostatic origin expressing 

the AR74. NEPC cells are certainly present in untreated tumours and seldom undergo rapid 

proliferative expansion80,83; however, cancers from patients receiving extensive treatment 

are much more likely to undergo a stepwise process involving genetic and epigenetic 

modifications, ultimately becoming clonally derived t-NEPCs, than those from untreated 

patients5. The identification of de novo mutations in NEPCs74,82 (that is, those not detected 

in normal neuroendocrine cells) arising after treatment further supports the existence of the 

aforementioned stepwise process, which would have originated in either a clonal or 

polyclonal AR-hi and ERG-positive population of adenocarcinomas (FIG. 1b).

The process of transdifferentiation suggests the existence of certain cell populations that can 

convert or reprogram to a neuroendocrine lineage when suppression of AR signalling occurs, 
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with the use of potent AR-targeting agents. Data are available indicating that androgen 

ablation or AR-targeted therapy can promote the rapid conversion of LNCaP cells to a 

neuroendocrine lineage in vitro84–86 and the rapid conversion of adenocarcinomas to NEPC 

in vivo87. Data from preclinical studies show that, in order to convert to a neuroendocrine 

lineage, epithelial cells likely require stemness determinants, such as CD44, and the 

presence of alterations in lineage- specific transcription factors. In non-neuronal cell 

lineages, the RE-1 silencing transcription factor (REST) normally binds to RE-1 sites in the 

promoters of neuronal genes to maintain suppression of these genes88. Conversely, in NEPC 

cells this repressive transcriptional function is lost, thereby allowing neuronal gene 

expression and subsequent epithelial-to-neuronal transdifferentiation88–91. Using whole 

transcriptome data obtained from prostate adenocarcinoma samples, t-NEPC samples and 

xenografts derived from treated patients, the loss of REST was shown to correlate with 

conversion to a NEPC-like signature90,91. Future in vivo and clinical studies will be required 

to determine whether the loss of REST function is sufficient for the onset of a NEPC 

transcriptional programme, and whether any genetic alteration conferring a proliferative 

advantage contributes to the maintenance of such transcriptional signatures.

The alterations in AR gene signatures associated with NEPC, EMT and resistance to AR-

targeted therapies strongly supports the idea that inhibition of AR signalling, and the 

subsequent selection for cellular populations with intermediate or low AR levels, is a 

requirement for treatment-induced lineage switch. Indeed, our hypothesis for the existence 

of a ‘checkpoint’ phenotype is in agreement with the results of a large-scale (n = 226) 

analysis of biopsy samples from patients with mCRPC obtained before and after treatment 

with enzalutamide or abiraterone. This clinical analysis not only showed that lethal 

treatment-induced NEPC is more common than previously appreciated, but also led to the 

identification of an intermediate histology phenotype (termed IAC phenotype) and distinct 

from small-cell carcinoma or adenocarcinoma18,92 (E. J. Small, personal communication). 

Consistent with these data, whole-exome sequencing of biopsy samples from patients with 

mCRPC revealed that a AR-lo status could be common to the clonal evolution of both 

prostate adenocarcinoma and NEPC, and that this evolutionary process might, in part, be 

epigenetically regulated15. Future preclinical studies should address whether the 

accumulation of a t-NEPC phenotype occurs through single or multiple processes, as well as 

the sequence of genetic and/or epigenetic changes that occur in the transition between AR-hi 

adenocarcinoma, IAC and AR-negative lineages, in order to further understand the aetiology 

of treatment-related lineage crisis.

Adaptive mechanisms of progression

The progressive loss of AR activity during progression of certain prostate cancers has 

prompted investigators to examine oncogenic signalling pathways providing compensatory 

prosurvival cues despite the pressure of potent antiproliferative agents or ADT. One such 

oncogene is the tyrosine kinase Src, which is a target of dasatinib93. The pathology 

assessment of prostates from Pten-null, Ar-null mice revealed enhanced cellular stemness, 

reduced differentiation and increased levels of activated Src compared with mice with Pten 
deletion only (D. J. Mulholland, unpublished work). Interestingly, the predictive signatures 

for the efficacy of dasatinib correlate well with CRPCs that are low or negative for AR 
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activity52, an observation which parallels the increased Src expression and activity in breast 

cancers with low or negative ER expression94. Together, these observations suggest that 

dasatinib might be an effective treatment for patients with prostate tumours expressing low 

levels of AR signalling. The antitumour activity of dasatinib has been assessed in several 

phase II clinical trials of patients with mCRPC, showing promising results (in terms of 

objective response and disease control rates95,96), as well as in phase II97 and phase III98 

randomized clinical trials. These controlled trials, however, did not meet their objectives of 

improved progression-free survival (PFS) and overall survival, potentially because patients 

were not stratified according to AR activity. Others have described an association between 

decreased AR activity and increased expression of Src kinase52,99,100 and sensitivity to 

dasatinib52 and thus, the evaluation of the levels of both proteins in patients before starting 

therapies with Src inhibitors is recommended. Preclinical studies have identified gene 

signatures that predict a response to dasatinib99, which can be evaluated using formalin-

fixed paraffin-embedded tissue samples from patients74,101. Thus, given the enhancement of 

Src levels in AR-lo patients, clinical trials designed to stratify patients according to AR 

expression (AR-hi or AR-lo) might be an appropriate strategy to increase the predictive 

response to dasatinib and other similar tyro-sine kinase inhibitors. Such stratification 

processes would also enable patients with prostate cancer with low, or no AR expression to 

avoid receiving AR-targeted therapies, which have limited potential for success in these 

patients.

Oncogenic PI3K/Akt signalling can also provide compensatory proliferative cues in cells in 

the presence of AR inhibition. Results from our group102 and others103 demonstrated that 

AR signalling is not required for disease progression in prostate cancer cells of epithelial 

origin with no detectable PTEN expression or with activated PI3K/Akt signalling. Using 

genetic and pharmacological inhibition of either the AR or PI3K/Akt/mTOR signalling, 

reciprocal activation of these pathways was demonstrated102,103. Consistent with these 

results, subsequent studies have shown that treatment with enzalutamide can accelerate the 

progression of prostate cancer in PTEN-deficient mice104, and that the combined inhibition 

of both signalling axes had a synergistic antitumour effect in enzalutamide-resistant mouse 

models105. These results suggest that increased emphasis should be placed on understanding 

the oncogenic drivers of AR-lo versus AR-hi prostate cancer. Such studies should ideally be 

initiated in preclinical humanized animal models, designed to reproduce an AR-lo or AR-

negative phenotype in an oncogenic signalling background, that are capable of growth in the 

absence of AR activation. These investigations would subsequently facilitate clinical 

stratification of patients to receive the most-appropriate targeted therapies.

Beyond receptor-tyrosine-kinase signalling, studies have begun to focus on the role of 

compensatory hormone nuclear receptor function, mostly in the context of enzalutamide 

resistance. The transcriptomic profile of the glucocorticoid receptor (GR) considerably 

overlaps with that of the AR, and has been implicated in mediating cell viability in 

mCRPC106. These observations suggest that a nuclear receptor ‘switch’ exists whereby 

drug-induced resistance promotes the transfer of proliferative signals to closely-related 

signalling pathways. Corticosteroids can provide palliative benefits, such as relief from pain 

and fatigue, as well as biochemical responses in patients with prostate cancer107, but data 

from a growing number of studies have revealed that the GR is overexpressed in PTEN-
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deficient and/or AR-deficient preclinical models106,108–110. The effect of corticosteroids on 

the outcomes of patients with mCRPC remain controversial111–113. Interestingly, data 

presented in 2015 also suggest that, in patients, GR overexpression could occur at the initial 

stages of cancer, thereby contributing to disease progression114. Despite this evidence, the 

efficacy of pharmacological GR inhibitors (such as mifepristone) in clinical settings remains 

unclear115, as their use might lead to potential complications related to low GR-binding 

specificity and even aberrant activation of AR signalling106,115,116. Such issues might be 

clarified when the results of an ongoing phase I/II clinical trial assessing the efficacy of 

enzalutamide–mifepristone combination treatments are reported (NCT02012296)117, as well 

as with the development of more-selective inhibitors of GR than mifepristone. Parallel 

increases in PR and ERα expression strongly support a role for enhanced epithelial ERα 
signalling in mCRPC progression118. ERβ is highly expressed in treatment-naive prostate 

cancers, including nodal and distant metastases, but is markedly reduced in about 40% of 

patients with mCRPC119. Similar to epithelial AR expression, a study published in 2015 

suggests that epithelial ERβ can assume a tumour suppressive function in PTEN-deficient 

prostate cancer120. In the prostates of PTEN-deficient mice, epithelial deficiency of ERβ 
results in positive feedback signalling to promote disease progression and activation of BMI 

— a stemness factor implicated in prostate cancer initiation121. In clinical scoring, loss of 

ERβ expression during cancer progression is associated with increased polycomb complex 

protein BMI-1 expression122 and activation of EMT123. Interestingly, ERβ has also been 

reported to be a tumour suppressor in breast cancer124, whereas ERα seems to act 

differently125. Thus, while GR and ERα assume potentially oncogenic roles, ERβ and the 

AR function as gatekeepers to prevent the development of prostate cancer with a stem-like, 

dedifferentiated and aggressive phenotypes. These data suggest that the clinical targeting of 

the GR or ERα might be viable treatment options when stratified for selected patients who 

are no longer responsive to ADT.

The clinical progression of prostate cancer has been hypothesized to involve various stages 

of AR activity, from androgen-dependent–AR-dependent (AD–ARD) to androgen-

independent–AR-dependent (AI–ARD), ultimately becoming androgen-independent– AR-

independent (AI–ARI), a point at which a substantial portion of cancer cells might be 

undergoing a lineage crisis (FIG. 1b). If this hypothesis is confirmed, treatments for prostate 

cancer designed according to AR activity signature and disease stage would be more 

effective than the ‘one-drug-fits-all’ current approach. Basing decisions of treatment 

regimens on AR activity poses clinical challenges because prostate cancer is a 

heterogeneous disease demanding tailored treatment approaches52. Specifically, the 

assessment of AR activity in patients with metastatic disease might be the most 

straightforward option when the process is monoclonal in nature — that is, when one biopsy 

sample reflects the predominant clone, a hypothesis confirmed by the results of an analysis 

of patients who had received ADT and a taxane101. Intra-individual metastases, however, 

might undergo a monoclonal selection process attributable to aggressive treatments, which 

would account for the inconsistency between this and other reports documenting a 

multiclonal seeding process resulting in intra-individual molecular heterogeneity either in 

primary prostate tumours114 or metastases126. Despite these challenges, new developments 

in applied techniques (such as genomic and/or transcriptional profiling of AR signatures) 
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and lineage markers might enable the advancement of clinical characterization of lineage 

crises because they can be used in clinical settings to evaluate treatment-induced lineage 

crises in formalin-fixed, paraffin-embedded primary or metastatic tumour samples74,127 and 

even in urine samples27. Increasingly sensitive assays can also be used to screen for the 

presence of neuroendocrine or EMT-like cells in patient blood samples28, thereby enabling 

more frequent sampling than many other sampling techniques. Collectively, these non-

invasive procedures can satisfy the need for samples that are easier to obtain than tumour 

biopsy samples, while also being sufficiently sensitive to provide clinically useful 

information. In the future, we hope that appropriate treatment decisions will be made by 

determining AR activity in each individual patient with mCRPC and defining the pathways 

preferentially activated in AR-hi versus AR-lo cancers.

Lessons learned from other diseases

Triple-negative breast cancer

During tumour progression, endocrine tumours can dedifferentiate and converge both in 

phenotype and genetic signature even when from a different tissue type128,129. For example, 

TNBC is characterized by having low expression of ER and PR, and no HER2 amplification, 

and patients with this disease have the lowest 5-year survival rate of those with any invasive 

breast cancer, and few available treatment options19. Similar to AR-lo prostate tumours, 

TNBCs are poorly differentiated (with increased expression of stemness markers compared 

with other breast cancer subtypes)130,131. The existence of compensatory nuclear receptor 

activity facilitating disease progression in patients with certain breast cancers is another 

similarity with prostate cancer. For instance, substantial more AR expression can be 

observed in tumours from patients with ER-negative breast cancer (∼50%)132–134 or TNBC 

(one-third of patients)135–139, compared with ER-positive breast cancer. Accordingly, 

investigators have shown using enzalutamide or AR knockdown that non-luminal subtypes 

of TNBC have a strong dependency upon transcriptionally active AR140. AR targeting of 

cell lines of non-luminal subtypes using bicalutamide has also proven to be effective141. 

Curiously, some reports have correlated expression of AR in TNBC to a more favourable 

clinical prognosis138,142, possibly because AR-positive breast cancers are more 

differentiated than AR-negative cancers138. Another study showed an increase in levels of 

AR splice variants in MDA-MB-453, ER-negative breast cancer cells when treated with 

enzalutamide compared to untreated, or those treated with AR agonists further supporting a 

tumour promoting function of transcriptionally active AR143 (FIG. 1c). This maintained 

dependency upon a transcriptionally active AR in some TBNCs suggests that, similar to 

CRPC, nuclear hormone receptor switching confers a proliferation advantage to cancer cells 

and, therefore, could be exploited to treat patients with poorly differentiated disease. On the 

basis of such observations, a phase II trial demonstrated the benefits of targeting the AR by 

administering bicalutamide to 51 patients with AR-positive (>10% scored by 

immunohistochemistry), ER-negative or PR-negative metastatic breast cancer, with a 6-

month clinical benefit rate of 19% (complete response, partial response or stable disease >6 

months), and a PFS of 12 months134. These results provide a sound rationale for targeting 

the AR in patients with TNBC, and represent one of the most viable treatment strategies 

available for these patients. Similar to mCRPC, assaying AR activity levels in patients with 
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TNBC might identify patients who should be treated with AR-targeted therapies. 

Nevertheless, one might speculate that patients with AR-positive TNBC could progress to a 

condition similar to castration resistance when subject to the continued therapeutic 

suppression of the AR and subsequent acquisition of AR-variant expression143. If this is the 

case, patients with TNBC receiving AR-targeted agents might conceivably progress to a 

state of complete dedifferentiation lacking ER, PR and AR activity and HER2 amplification 

(‘quadruple-negative breast cancer’)144. Currently, no functional evidence exists to support 

that TNBCs arise from hormone-receptor-positive breast cancers in a manner similar to AR-

lo prostate cancers being derived from AR-positive prostate cancers, but the striking 

similarities between TNBCs and poorly differentiated prostate cancers suggest a 

convergence in terms of histopathological features and treatment management.

Infectious diseases

The development of drug resistance in patients with cancer is a challenging prospect, 

especially because the toxicity profile and quality of life associated with anti-cancer 

treatments have to be carefully balanced against the aggressiveness of such treatments when 

making clinical decisions. Given the success of the treatments for certain infectious diseases, 

such as multiresistant Clostridium difficile and the use of fidaxomicin21,145, we propose that 

such treatment strategies could be applied in antitumour therapies to alter the kinetics by 

which cancers progress to multidrug resistance. Resistance to infectious diseases is 

conventionally thought to arise after the continued use of a single treatment (FIG. 1). The 

results of a study using computational analysis of resistance in bacteria, however, indicate 

that approximately 70% of treatment sequences using two to four drugs result in resistance 

to the last antibiotic in the sequence146, thus underscoring the importance of how patients 

with cancer should be treated. Appropriate drug sequencing, however, might be achieved by 

understanding that drug resistance is regulated by Darwinian law — that is, therapeutic 

agents exert pressure on the microbial or cell populations most capable of survival. Drug 

resistance comes at a fitness cost and thus, treatment approaches that exploit this evolution 

might lead to more-beneficial outcomes147. Considerations should also be given to drug 

selection, dosage, treatment duration and combinations. The study of microorganisms offers 

remarkable advantages over preclinical mammalian cancer models in terms of understanding 

these parameters, particularly when considering the large number of treatment sequences 

and combinations that are feasible with even a minimal number of available drugs. The use 

of mathematical modelling and algorithms is perhaps the most efficient way to determine 

those drug sequences that constitute the ‘worst-drug-rule’ and ‘best-drug-rule’, which 

require information about drug targets, dosing, mechanism (cytotoxic versus cytostatic 

drug), toxicity, administration and exposure time148,149. Various elegant studies have 

resulted in the development of mathematical models that predict the optimal sequence of 

drugs with a maximum lethal effect in a scenario in which each individual drug would likely 

fail146. Mathematical algorithms that model microbial fitness have also been used to 

consider how antibiotic cycling can be used to avoid the continued selective pressure that 

would lead to the selection and expansion of a population with a resistant phenotype150. 

Such drug-cycling strategies have proven to be successful for the treatment of infections 

with bacteria and eukariotic parasites151–153.
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For patients with advanced-stage prostate cancer, and with the exception of maintenance 

ADT, the classic treatment approach consists of administering a single therapeutic agent 

until resistance develops, followed by switching to a different agent (FIG. 2a). Through the 

use of potent new therapies, this approach might initially prove successful. Treatment 

resistance, however, will eventually occur and, for most patients, will lead to progression to 

more-aggressive disease. Thus, the application of drug cycling for the treatment of prostate 

cancer might be a well-suited alternative for patients with mCRPC — a heterogeneous and 

proliferative disease that is typically driven by multiple alterations in oncogenic signalling 

pathways. The application of rapid cycling of drugs with different mechanisms of action 

might reduce the expansion of lineages harbouring aggressive phenotypes. Rapid drug 

cycling (that is, several weeks per treatment) could also be an effective strategy to reduce the 

extent of cumulative toxicities thus, providing the option of performing repeated treatments 

(FIG. 2b). The duration of the exposure to any individual drug in a rapid cycling scheme is 

reduced and thus, determining whether exposure times are sufficient to achieve a clinical 

benefit is imperative.

The PRINT protocol

The current therapeutic strategies for patients with mCRPC have one of several mechanisms 

of action: inhibition of AR signalling, cytotoxicity, bone-targeted toxicity and 

immunotherapy. Owing to the heterogeneity of metastatic prostate cancer154–156, single-

agent treatment strategies are likely to potentiate the evolution of certain prostate cancer 

subclones into resistant lineages, which might no longer be responsive to the initial 

treatment. Thus, rapid switching of non-cross-reactive therapies might limit the selective 

pressure exerted by the maintained administration of a therapeutic agent157, enabling the risk 

of resistance to stabilize (or even decrease) in its absence. In addition to rapid cycling, 

combinations of agents from different therapeutic classes might yield superior long-term 

outcomes than those of monotherapies, because the probability of developing concurrent 

resistance towards multiple agents is expected to be lower than the probability of developing 

resistance to a single agent. Indeed, complex regimens that require alternating cycles of 

different drug combinations, such as hyper-CVAD (a dose-intensive and fractionated 

regimen using cyclophosphamide, vincristine, doxorubicin, and dexamethasone) for the 

treatment of acute lymphocytic leukaemia (ALL)158 and Burkett's lymphoma159, as well as 

the Stanford V regimen (combination of doxorubicin, vinblastine, mechlorethamine, 

vincristine, bleomycin, etoposide, and prednisone) for the treatment of advanced-stage bulky 

Hodgkin lymphoma160, have already been successfully implemented.

Owing to the intrinsic genetic instability of tumour cells, genetic mutation is one of the 

mechanisms proposed to account for the generation of treatment-resistant lineages. Of note, 

this hypothesis has been confirmed with the use of mathematical treatment models (such as 

the Goldie–Coldman hypothesis161). Thus, using different non-crossreactive agents in 

alternating cycles could improve the chances of treatment success. Multiple trials testing the 

Goldie–Coldman hypothesis have yielded mixed results. For example, small-cell lung cancer 

(SCLC) cells are sensitive to multiple chemotherapeutic agents, but patients with this disease 

quickly develop drug resistance and thus, the concurrent use of multiple drugs is limited 

because of toxicity. Some trials have showed limited or modest survival benefits for patients 
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with SCLC using an alternating treatment regimen162–165, whereas others have failed to 

demonstrate any clinical benefits, possibly owing to the alternating regimen chosen and the 

size of the study population166. These early results, however, should not bias against 

designing and implementing new trials for different disease types taking advantage of more-

potent and more-selective inhibitors than the agents used in these studies, such as the current 

FDA-approved drugs for treatment of patients with mCRPC.

The PRINT clinical trial (NCT02903160)23 was designed with the specific purpose of 

determining whether the rapid use of different agents specific for mCRPC (AR-targeting 

therapies, such as abiraterone acetate and enzalutamide, versus cytotoxic therapies versus 

radionuclides) can reduce treatment resistance and delay disease progression. The PRINT 

protocol is a phase II trial, in which investigators will evaluate the efficacy of rapidly cycling 

non-crossreactive therapies for patients who are newly diagnosed with mCRPC. This 

protocol aims to target different cancer-cell populations by switching between drug classes 

(five different agents), while maintaining the end goal of exposing the disease to multiple 

agents in a short period of time (three modules with 12 weeks per module). The individual 

toxicity profiles of most of the drugs used in this trial have been defined using large-scale 

phase III trials (755–1,200 patients per trial)1–4,167,168, but limited information is available 

about the toxicity profiles of these agents when combined in a rapid cycling regimen. This 

information will be obtained once the results of the PRINT clinical trial are compiled. 

Controlling treatment resistance not only depends on the duration of drug exposure but also 

on the selected drug sequencing. Thus, the PRINT trial contains three distinct treatment 

modules of two-drug combinations given in sequential order, that are rationally designed to 

optimize therapeutic dosing while reducing toxicity and minimizing therapeutic overlap 

(FIG. 2c). Modules one and three contain AR-targeted therapies operating through different 

mechanisms, such as abiraterone acetate, a CYP17 inhibitor1, and enzalutamide, which 

directly antagonizes AR expression and localization169. The toxicity of 223Ra, a 

radiopharmaceutical that targets bone metastases168, is not expected to substantially overlap 

with that of either abiraterone or enzalutamide and thus, 223Ra will be offered in 

combination with both agents to patients with osseous involvement. To minimize 

development of overlapping mechanisms of resistance between abiraterone and 

enzalutamide170–172, and to avoid other potential mechanisms of resistance (such as 

glucocorticoid receptor upregulation106) a combination of the cytotoxic agents cabazitaxel 

and carboplatin will be administered in module two — of note, this combination has 

demonstrated promising results in a phase II study and has a manageable toxicity pro-file173. 

The use of Sipuleucel-T174 before patient enrolment in the PRINT study will be permitted 

on the basis that immunotherapeutic agents require time to build an antitumour immune 

response, and sipuleucel-T is most effective in the patients with low-burden disease175. The 

primary end point of the PRINT trial is to evaluate the time to PSA progression, defined 

according to the Prostate Cancer Working Group criteria34, after the completion of all three 

treatment modules. Secondary end points include radiographic PFS, overall survival, PSA 

response and toxicity for each module. In parallel with the primary and secondary clinical 

objectives of this trial, an exploratory analysis will be conducted to evaluate the correlation 

of a peripheral whole-blood RNA-based signature with clinical outcome. Six genes define 

this signature176, which we found to be strongly associated with clinical prognosis. The 
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expression of the AR–V7 splice variant, which increases in parallel with the development of 

resistance to AR-targeted agents in mCRPC177, will be assessed on circulating tumour cells 

before, during, and after the rapid cycling treatment regimen to better understand how 

different therapeutic agents affect AR-V7 expression and how those changes affect clinical 

outcomes.

The PRINT clinical trial (NCT02903160)23 should provide valuable data on the feasibility 

for cycling therapies to prevent resistance and prolong survival in patients with mCRPC. 

Evaluation of this trial will also inform on the value of future variations in this sequencing 

pattern, which could include incorporation of immunotherapy or new targeted therapies. The 

rationale used in the design of PRINT could also be applied to subsequent phase II 

randomized clinical trials. Whether rapid drug cycling will enable an enhancement of the 

cytotoxic effects of these drugs on tumours compared with current trial designs is unclear, 

but treatment cycling might have the desirable effect of controlling cellular proliferation and 

tumour growth. The efficacy of cytotoxic chemotherapeutic agents, such as cabazitaxel 

and/or carboplatin, mainly depends on the tumour's proliferative rate, potentially leaving 

dormant or non-proliferative cells intact. By design, PRINT also relies upon targeted agents 

such as abiraterone, enzalutamide and 223Ra, which should be effective in slowly 

proliferating and well-differentiated prostate cancer cells. Future approaches could also 

consider novel drug combinations, exploiting the potential to target multiple cellular 

lineages and mitotic rates. Drug cycling should continue to evolve and incorporate new drug 

combinations when possible, in order to combat treatment- induced cancer progression; 

although important consideration to the pairing and sequence of drugs used should be made 

in order to avoid the development of adverse events. One clinically viable strategy might be 

to combine cycling with rational combinations of drugs.

Collateral sensitivity

Our understanding of how cancers acquire resistance to standard-of-care therapies has 

increased considerably in the past decade, but very little, in comparison, is understood about 

how acquired resistance increases sensitivity to other drugs. This phenomenon, termed 

collateral sensitivity, can be considered a type of synthetic lethality and relies on the fact that 

drug resistance comes with a competitive fitness cost to cells178. The concepts of drug 

cycling and collateral sensitivity are different: while cycling relies on the suppression of 

oncogenic function through the rapid exchange of different drugs (FIG. 2), collateral 

sensitivity is designed to induce the maximum possible cytotoxic effects on cancer cells 

(FIG. 3). Treatment approaches based on the principle of collateral sensitivity are likely to 

be most effective when tumours contain both cell types that are maximally susceptible and 

resistant to the drug — that is, a heterogeneous cancer type such as mCRPC. Treatment-

induced multidrug resistance often yields pleiotropic alterations and the mutation of a single 

gene can lead to multiple changes in phenotype. Indeed, up to 74% of treatment-resistant 

lines of bacteria were found to have enhanced sensitivities to one or more drugs179, 

indicating that treatment-resistant bacteria develop both resistance and sensitivity to other 

treatments. Moreover, while additive or synergistic antibiotic combinations might be 

beneficial from a treatment standpoint (for example, antibiogram and patient outcomes), 

such approaches cannot be used to predict the delayed onset of resistance. Conversely, 
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collateral sensitivity can enable the prediction of decreased treatment resistance that occurs 

during concomitant drug exposure: for example, if drug A confers collateral sensitivity to 

drug B, then the combination of drugs A and B will decrease resistance compared to A or B 

alone, as shown on Escherichia coli180.

We propose that, in order for clinical trials to have more-pronounced benefits in terms of 

patient survival, cooperative and rational drug design should be considered in the context of 

collateral sensitivity. For this drug phenomenon to be exploited, however, the partner drugs 

must have synergistic effects on cancer cells, and must have the ability to delay the onset of 

resistance181 (FIG. 3). One of the major challenges in adapting collateral sensitivity to the 

treatment of mCRPC would be the identification of compatible drug partners. In the 

treatment of infections, such screening studies can be readily tested179, but finding 

appropriate systems for the screening of candidate anticancer drug combinations is 

challenging. For example, in vitro studies in cancer cell lines have been repeatedly 

demonstrated to lack the capacity to predict the generation of multidrug resistance in clinical 

settings182. An overlap in drug response can exist between cell lines derived from different 

tissues182; therefore, other cell lines (such as breast or ovarian cancer-derived cell lines) 

might be used to screen for drug combinations with candidate collateral sensitivity in 

patients with mCRPC. ABC transporter B family member 2 (pgp-2), a drug efflux 

transporter that is expressed in most prostate cancer cell lines with increased expression in 

those that are taxane-resistant, is one of the primary targets for collateral- sensitivity-based 

treatment approaches183,184. Chemoresistance is a major treatment issue for patients with 

cancer, and this is aggravated by the observations that AR-targeting agents can promote 

cross-resistance to docetaxel56,185 — and, to a minor extent, to cabazitaxel185–188 — when 

initially selected on the basis of a low affinity to pgp-2 (REF. 189). Importantly, inhibition of 

ABC transporter B family member 1 (ABCB1) or pgp-2 by AR antagonists can resensitize 

in vitro and in vivo docetaxel-resistant prostate cancer cells190. These data indicate the 

possibility of treating advanced disease with potent pgp-2 inhibitors in combination with 

standard-of-care therapies to promote collateral sensitivity. Compensatory cell signalling 

often occurs upon therapeutic inhibition of targets in major prosurvival pathways. For 

example, inhibition of Akt in PTEN-deficient prostate cancer cells can lead to the activation 

of ERK–MAPK signalling through a feedback mechanism191,192. Thus, potential collateral 

sensitivity could be achieved through combined inhibition of PI3K and ERK — both of 

which are elevated in mCRPC68. Other potential combination approaches in prostate cancer 

include targeting both activating mutant PI3Kα and β isoforms, in conjunction with AR 

inhibition193.

Conclusions

Over the past ten years, we have witnessed a substantial increase in the number of anticancer 

drugs approved by the FDA. Such therapies increase the life expectancy of patients with 

mCRPC, but are not curative. The onset of resistance is one of the primary roadblocks to the 

extension of survival rates in most forms of cancer, and is likely related to the persistent use 

of a minimal number of highly potent drugs. The heterogeneity of mCRPC demands that 

treatments of this disease are also heterogeneous, potentially including modalities such as 

drug cycling and collateral sensitivity. Some key pathways associated with treatment-
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induced lineage crisis in mCRPC have been identified, but continued tumour growth is likely 

potentiated by cellular plasticity and compensatory oncogenic signalling, thus increasing the 

complexity of determining which therapeutic interventions should be applied to overcome 

the natural evolution to treatment-resistant phenotypes. Drug discovery is markedly 

expanding and should yield increased opportunities for rationale drug pairing in order to 

extend the survival of patients with mCRPC. Challenges also exist in identifying the 

appropriate preclinical model systems in which new anticancer drugs can be efficiently 

tested. Nevertheless, genomic sequencing and predictive algorithms might dramatically 

facilitate preclinical screening, thus fast-tracking the drugs that function best in a 

cooperative and minimally toxic manner in clinical settings.
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Box 1

Neuroendocrine cells in prostate cancer

Neuroendocrine tumours constitute a heterogeneous population for which 

classification is organ-dependent — even if they share common features, such as 

the expression or secretion of bioactive peptides. In the normal prostate, 

neuroendocrine cells are found at a low frequency and secrete neuropeptides and 

growth factors that support the structure and function of the neighbouring prostatic 

epithelium. By secreting such factors, either in an autocrine or paracrine manner, 

neuroendocrine cells can also enhance cancer growth arising from the prostatic 

epithelium to reduce sensitivity to androgen receptor (AR) targeted therapies.

Neuroendocrine cells can become cancerous, usually in the form of a de novo 
tumour occurring at very low frequencies (0.1% of diagnosed prostate cancers). 

Neuroendocrine prostate tumours are characterized as highly aggressive and 

metastatic, with low or negative AR signalling. Such tumours are typically lethal 

within 2 years of diagnosis.

In recent years, the number of patients presenting with visceral, bulky metastasis 

and having poor survival outcomes has substantially increased (about 25% of 

lethal prostate cancers). The prevalence of these cancers, and its correlation with 

the increased use of potent AR-targeted therapies5, have led to the designation of 

‘treatment-related neuroendocrine prostate cancers’ (t-NEPCs)5. While not 

entirely understood, two general hypotheses address how t-NEPCs arise, which 

include the oncogenic transformation of normal neuroendocrine cells, and the 

transdifferentiation of adenocarcinomas to the neuroendocrine lineage owing to a 

series of genetic and epigenetic alterations. The sustained expression of markers 

known to be present in AR-positive adenocarcinoma (such as TMPRSS2-ERG) 

through the conversion to neuroendocrine phenotypes strongly supports an 

epithelial origin for most t-NEPCs.

Regardless of the mechanism of origin, patients with t-NEPCs are typically 

prescribed platinum-based chemotherapy as a consequence of the aggressive 

nature and poor response of these tumours to AR-targeted therapies. To reduce 

progression of treatment-induced neuroendocrine lineage crisis, cancer researchers 

should attempt to understand the genetic drivers of NEPC, including critical 

neuronal genes involved in lineage alterations, and those involved in the 

subsequent rapid, clonal expansion to a small cell-like cancer phenotype.
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Key points

• Potent androgen receptor (AR)-targeted therapies have increased survival 

rates for metastatic castration-resistant prostate cancer (mCRPC), but 

correlate with the emergence of ‘treatment-induced lineage crisis’ 

characterized by visceral and bulky metastases and low PSA secretion

• In prostate cancer, lineage crisis can occur either in the form of treatment-

induced neuroendocrine differentiation, which results in a neuroendocrine 

phenotype, or in the form of treatment-induced epithelial-to-mesenchymal 

transition

• Regardless of the mechanism responsible for lineage crisis, a proposed 

common checkpoint that precedes such crisis is the loss of expression and/or 

activity of AR pathway (AR-lo prostate cancer)

• Drug-cycling designs used to prevent multidrug resistance (or ‘superbugs’) in 

infectious diseases might delay treatment-induced lineage crisis in prostate 

cancer, owing to the partial similarities between both phenomena

• The PRINT protocol is a phase II trial designed to alternate administration of 

FDA-approved drugs in rapid cycles of 3 months to prevent treatment-induced 

lineage crisis for mCRPC, which might provide a rationale for testing drug 

cycling in the setting of first-line treatment for mCRPC

• Collateral sensitivity might result in increased cytotoxic effects compared 

with standard approaches for mCRPC (a heterogeneous disease); this 

treatment strategy uses synergistic drug pairs because drug resistance results 

in competitive fitness

Roubaud et al. Page 27

Nat Rev Clin Oncol. Author manuscript; available in PMC 2017 August 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. Treatment-induced resistance and evolution to lineage crisis
a | Treatment-naive bacterial populations are composed largely of antibiotic-sensitive 

subpopulations, but might contain small number of mutant bacteria harbouring genetically 

acquired mechanisms of resistance (left). Upon antibiotic treatment, widespread death 

typically occurs; however, upon drug removal or during a ‘drug holiday’, resistant bacterial 

clones expand, potentially taking over both sensitive and resistant populations. Additional 

antibiotic treatments can lead to further genetic alterations and to the selection of a 

population of multidrug resistant microorganisms, which would then have the option to 

increase fitness by becoming a drug-sensitive population. b | Treatment-naive prostate 

cancers are composed mostly of cells with high levels of androgen receptor (AR-hi) activity 

(left) for which radiation and/or androgen deprivation therapy (ADT) typically result in a 
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pronounced treatment response that includes primary tumour regression and reduced 

prostate-specific antigen (PSA) secretion. Primary or metastatic foci can recur, often leading 

to expansion of the AR-hi tumour bulk and elevated serum PSA levels. Follow-up treatment 

can include androgen receptor (AR)-targeted therapies or chemotherapies that would drive 

cells to adapt by dedifferentiation, thus facilitating an increase in neuroendocrine (NE) gene 

expression. Continued ADT and taxane-based treatment ultimately selects populations that 

have undergone de novo loss-of-function mutations in key cell-cycle regulators. Ultimately, 

the accumulation of these genetic and epigenetic events leads to a clinically detectable 

lineage crisis. c | Triple-negative breast cancer (TNBC) is an undifferentiated disease 

characterized by low expression of oestrogen receptor (ER), progesterone receptor (PR), and 

an absence of HER2 amplification. BCa, breast cancer; EMT, epithelial-to-mesenchymal 

transition; mCRPC, metastatic castration-resistant prostate cancer; MET, mesenchymal-to-

epithelial transition; NEPC, neuroendocrine prostate cancer; PCa, prostate cancer; REST, 

RE-1 silencing transcription factor; SRRM4, serine/arginine repetitive matrix protein 4.
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Figure 2. Treatment cycling to prevent progression to treatment-induced mCRPC
a | Prostate tumours are heterogeneous (left) but are often treated with drugs targeting a 

single oncogenic mechanism, until a clinical response is no longer obtainable. This approach 

can lead to toxicity, loss of drug sensitivity, and the accumulation of multidrug-resistant 

cancer cells. b | Rapid cycling of agents that target cancer cells might enable sustained drug 

sensitivity through different resistance mechanisms while, at the same time, controlling 

prostate cancer progression through the suppression of oncogenic signalling. Thus, the use 

of this approach can maintain drug sensitivity and continued growth inhibition. c | In the 

Prostate Cancer Intensive Non-crossreactive Therapy (PRINT) clinical trial23, men with 

metastatic castration-resistant prostate cancer (mCRPC) will receive different specific 

treatments in cyclical modules, each for 12 weeks. Module one is comprised of androgen 

receptor (AR)-targeted therapy (abiraterone) and α radiation (223Ra), module two consists of 

cytotoxic agents (cabazitaxel and/or carboplatin), and module three consists of androgen 

receptor (AR)-targeted therapy (enzalutamide) and α radiation (223Ra). Progression will be 

assessed after completion of modules one to three, with the option of performing additional 

cycles.
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Figure 3. Drug cycling with collateral sensitivity
Drug cycling with collateral sensitivity uses rational drug-pairing to eradicate treatment-

resistant cancer cells. Tumours that have become resistant to a drug should be rationally 

treated with a new combination of drugs. The application of consecutive cycles of 

complementary anticancer drugs could, in principle, be more effective than conventional 

single-agent or drug-pairing protocols that lack the benefits of collateral sensitivity. The 

cyclical application of drug partners working through collateral sensitivity could maximize 

cytotoxic effects while, at the same time, minimizing toxicities in patients.
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